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We report the observation of intense extreme ultraviolet (EUV) 
emission from incandescently heated atomic hydrogen and atomized 
strontium. Typically the emission of extreme ultraviolet light from 
hydrogen gas is achieved via a discharge at high voltage, a high power 
inductively coupled plasma, or a plasma created and heated to extreme 
temperatures by RF coupling (e.g. >10^A') with confinement provided by 
a toroidal magnetic field. The observed plasma formed at low 
temperatures (e.g. =^\0^ K) from atomic hydrogen generated at a tungsten 
filament that heated a titanium dissociator and atomic strontium which 
was vaporized from the metal by heating. No emission was observed 
when sodium, magnesium, or barium replaced strontium or with 
hydrogen or strontium alone. The power balance of a gas cell having 
atomized hydrogen and strontium was measured by integrating the total 
light output corrected for spectrometer system response and energy over 
the visible range. Control cell experiments were identical except that 
sodium, magnesium, or barium replaced strontium. In the case o f 
hydrogen-sodium, hydrogen-magnesium, and hydrogen-barium mixtures, 
4000, 7000, and 6500 times the power of the hydrogen-strontium 
mixture was required, respectively, in order to achieve that same 
optically measured light output power. A plasma formed at a cell voltage 
of about 250 V for hydrogen alone and sodium-hydrogen mixtures, and 
140-150 V for hydrogen-magnesium and hydrogen-barium mixtures; 
whereas, a plasma formed for hydrogen-strontium mixtures at an 
extremely low voltage of about 2 V. 
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I. INTRODUCTION 

A historical motivation to cause EUV emission from a hydrogen 
gas was that the spectrum of hydrogen was first recorded from the only 
known source, the Sun [1]. Developed sources that provide a suitable 
intensity are high voltage discharge, synchrotron, and inductively 
coupled plasma generators [2]. An important variant of the later type 
of source is a tokomak [3]. Fujimoto et al. [4] have determined the cross 
section for production of excited hydrogen atoms from the emission 
cross sections for Lyman and Balmer lines when molecular hydrogen is 
dissociated into excited atoms by electron collisions. This data was used 
to develop a collisional-radiative model to be used in determining the 
ratio of molecular-to-atomic hydrogen densities in tokomak plasmas. 
Their results indicate an excitation threshold of 17 eV for Lyman a 
emission. Addition of other gases would be expected to decrease the 
intensity of hydrogen lines which could be absorbed by the gas. 
Hollander and Wertheimer [5] found that within a selected range of 
parameters of a plasma created in a microwave resonator cavity, a 
hydrogen-oxygen plasma displays an emission that resembles the 
absorption of molecular oxygen. Whereas, a helium-hydrogen plasma 
emits a very intense hydrogen Lyman a radiation at 12L5 nm which is 
up to 40 times more intense than other lines in the spectrum. The 
Lyman a emission intensity showed a significant deviation from that 
predicted by the model of Fujimoto et al. [4] and from the emission of 
hydrogen alone. 

It has been reported that intense EUV emission was observed at 
low temperatures (e.g. ==10^ K) from atomic hydrogen and certain 
atomized elements or certain gaseous ions which singly or multiply ionize 
at integer multiples of the potential energy of atomic hydrogen, 27.2 eV 
[6-10]. Helium ions present in the experiment of Hollander and 
Wertheimer [5] ionize at a multiple of two times the potential energy of 
atomic hydrogen. 

Kuraica and Konjevic [11] observed intense wing developments of 
hydrogen Balmer lines with argon present in the plasma of negative glow 
of a glow discharge of an argon-hydrogen mixture irrespective of cathode 
material (carbon, copper, and silver). An anomalous discharge was not 
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observed in neon-hydrogen and pure hydrogen mixtures. The authors 
offer a tentative explanation for hydrogen line shapes in the presence of 
argon which is based on a quasiresonace charge transfer between 
metastable argon ions and hydrogen molecules and the formation of a 
hydrogen molecular ion. According to the authors, 

"... it is essential that the or ti: ion must gain energy in the 
electric field before dissociation. Otherwise, the large energy of 
excited hydrogen atoms (on the average 50 eV per atom) cannot be 
explained". 

The source of 50 eV anomalous thermal broadening of the Balmer 
lines observed by Kuraica and Konjevic [11] may be dependent on the 
presence of an atom or ion which ionizes at about an integer multiple of 
27.2 eV since Ar* ionizes at 27.6 eV . 

Strontium ionizes at integer multiples of the potential energy of 
atomic hydrogen; thus, a hydrogen-strontium mixture was tested for 
anomalous EUV emission and plasma formation relative to mixtures of 
hydrogen and chemically similar controls that do not have electron 
ionization energies which are a multiple of 27.2 eV , 

We report that a hydrogen plasma is formed at low temperatures 
(e.g. =10^ AT) by reaction of atomic hydrogen with strontium atoms, but 
not with magnesium, barium, or sodium atoms. In the case of EUV 
measurements, atomic hydrogen was generated by dissociation at a 
tungsten filament and at a transition metal dissociator that was 
incandescently heated by the filament. Strontium atoms were vaporized 
by heating to form a low vapor pressure (e.g. 1 torr). The kinetic energy 
of the thermal electrons at the experimental temperature of = 10^ K were 
about 0,1 eV, and the average collisional energies of electrons accelerated 
by the field of the filament were less than 1 eV. (No blackbody emission 
was recorded for wavelengths shorter than 400 n/n.). Strontium atoms 
caused hydrogen EUV emission; whereas, the chemically similar atoms, 
magnesium and barium as well as sodium, caused no emission. 

Furthermore, an anomalous hydrogen-strontium discharge was 
observed by visible emission. A cylindrical nickel mesh hydrogen 
dissociator of a gas cell also served as an electrode to produce an 
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essentially uniform radial electric field between the dissociator and the 
wall of the cylindrical stainless steel gas cell. Power was applied to the 
electrode to achieve a bright plasma which was recorded over the 
wavelength range 350<A<750rtm. The power balance of a gas cell having 
atomized hydrogen and strontium was measured by integrating the total 
light output corrected for spectrometer system response and energy over 
the visible range. Control experiments were identical except that sodium, 
magnesium, or barium replaced strontium. In the case of hydrogen- 
sodium, hydrogen-magnesium, and hydrogen-barium mixtures, 4000, 
7000, and 6500 times the power of the hydrogen-strontium mixture was 
required, respectively, in order to achieve that same optically measured 
light output power. 

II. EXPERIMENTAL 
A. EUV spectroscopy 

Due to the extremely short wavelength of this radiation, 
"transparent" optics do not exist for EUV spectroscopy. Therefore, a 
windowless arrangement was used wherein the source was connected to 
the same vacuum vessel as the grating and detectors of the EUV 
spectrometer. Windowless EUV spectroscopy was performed with an 
extreme ultraviolet spectrometer that was mated with the cell. 
Differential pumping permitted a high pressure in the cell as compared to 
that in the spectrometer. This was achieved by pumping on the cell 
outlet and pumping on the grating side of the collimator that served as a 
pin-hole inlet to the optics. The cell was operated under hydrogen flow 
conditions while maintaining a constant hydrogen pressure in the cell 
with a mass flow controller. 

The experimental set up shown in Figure 1 comprised a quartz cell 
which was 500 mm in length and 50 mm in diameter. Three ports for 
gas inlet, outlet, and photon detection were on the other end of the cell. 
A tungsten filament (0.508 mm in diameter and 800 cm in length, total 
resistance -2.5 ohm) and a titanium cylindrical screen (300 mm long and 
40 mm in diameter) that performed as a hydrogen dissociator were 
inside the quartz cell. A new dissociator was used for each experiment. 
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The filament was coiled on a grooved ceramic tube support to maintain 
its shape when heated. The return lead passed through the inside of the 
ceramic tube. The titanium screen was electrically floated. The power 
was applied to the filament by a Sorensen 80-13 power supply which 
was controlled by a constant power controller. The temperature of the 
tungsten filament was estimated to be in the range of 1100 to 1500 ""C. 
The external cell wall temperature was about 700 °C. The hydrogen gas 
pressure inside the cell was maintained at about 300 mtorr with a 
hydrogen flow rate of 5.5 seem controlled by a 20 seem range mass flow 
controller (MKS 1 179A21CS1BB) with a readout (MKS type 246). The 
entire quartz cell was enclosed inside an insulation package comprised of 
Zircar AL-30 insulation. Several K type thermocouples were placed in the 
insulation to measure key temperatures of the cell and insulation. The 
thermocouples were read with a multichannel computer data acquisition 
system. 

In the present study, the light emission phenomena was studied for 
hydrogen, argon, neon, and helium alone; hydrogen with strontium, 
magnesium, barium, and sodium metals, and strontium alone. The pure 
elements of magnesium, barium, and strontium were placed in the 
reservoir and volatized by the external heater. Magnesium, with a low 
vapor pressure (higher melting point), was volatilized by suspending a 
foil of the material (2 cm X 2 cm X 0.1 cm thick) between the filament 
and titanium dissociator and heating the test material with the filament. 
The power applied to the filament was 300 W in the case of strontium 
and up to 600 watts in the case of magnesium, barium, and sodium 
metals. The voltage across the filament was about 55 V and the current 
was about 5.5 ampere at 300 watts. For the controls, magnesium, 
barium, and sodium metals, the cell was increased in temperature to the 
maximum permissible with the power supply. 

The light emission was introduced to an EUV spectrometer for 
spectral measurement. The spectrometer was a McPherson 0.2 meter 
monochromator (Model 302, Seya-Namioka type) equipped with a 1200 
lines/mm holographic grating with a platinum coating. The wavelength 
region covered by the monochromator was 30-560«m. A channel 
electron multiplier (CEM) was used to detect the EUV light. The 
wavelength resolution was about 1 nm (FWHM) with an entrance and exit 
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slit width of 300 /zm. The vacuum inside the monochromator was 
maintained below 5X10"^ torr by a turbo pump. The EUV spectrum 
(40-160 nm) of the cell emission with strontium present was recorded at 
about the point of the maximum Lyman a emission. 

The UV/VIS spectrum (40-560 nm) of the cell emission with 
hydrogen alone was recorded with a photomultiplier tube (PMT) and a 
sodium salicylate scintillator. The PMT (Model R1527P, Hamamatsu) 
used has a spectral response in the range of 185-680nm with a peak 
efficiency at about 400 nm. The scan interval was 0.4 /tm. The inlet and 
outlet slit were 500 fim with a corresponding wavelength resolution of 
2 nm, 

B. Power cell apparatus and procedure 

Plasma studies with hydrogen alone, or hydrogen with strontium, 
sodium, magnesium, or barium were carried out in the cylindrical 
stainless steel gas cell shown in Fig. 2. The experimental setup for 
generating a glow discharge hydrogen plasma and for optically measuring 
the power balance is shown in Fig. 3. The cell was heated in a 10 kW 
refractory brick kiln (L & L Kiln Model JD230) as shown in Fig. 3. The cell 
was evacuated and pressurized with hydrogen through a single 0.95 cm 
feed through. The discharge was started and maintained by an 
alternating current electric field in the 1.75 cm annular gap between an 
axial electrode and the cell wall. The cylindrical cell was 9.21 cm in 
diameter and 14.5 cm in height. The axial electrode was a 5.08 cm OD by 
7.2 cm long stainless steel tube wound with several layers of nickel 
screen. The overall diameter of the axial electrode was 5.12 cm. A 1.6 
mm thick UV-grade sapphire window with 1.5 cm view diameter 
provided a visible light path from inside the cell. The viewing direction 
was normal to the cell axis. A 1.27 cm diameter stainless steel tube 
passed through the furnace wall and connected to a view port welded to 
the cell wall at mid-height to provide an optical light path from the 
sapphire window to the furnace exterior. An 8 mm quartz rod channeled 
the light from the view port through the stainless tube to a collimating 
lens which was focused on a 100 ^im optical fiber located outside the 
furnace. Spectral data was recorded with a visible spectrometer (Ocean 
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Optics S2000) and stored by a personal computer. 

The field voltage was controlled by a variable voltage transformer 
operating from 115 VAC, 60 Hz. A step-up transformer was used when 
necessary. True rms voltage at the axial electrode was monitored by a 
digital multimeter (Fluke 8010 A or Tenma 726202). A second 
multimeter (Extech 380763) in series with the discharge gap was used to 
indicate the current. The cell temperature was measured by a 
thermocouple probe located in the cell interior approximately 2 cm from 
the discharge gap. The pressure in the hydrogen supply tube outside the 
furnace was monitored by 10 torr and 1000 torr MKS Baratron absolute 
pressure gauges. In the absence of hydrogen flow, the hydrogen supply 
tube pressure was essentially the cell hydrogen partial pressure. 

Strontium (Aldrich Chemical Company 99.9 %), sodium (Aldrich 
Chemical Company 99.95 %), magnesium (Alfa Aesar 99.98 %), or barium 
(Aldrich Chemical Company 99.99 %) metals were loaded into the cell 
under a dry argon atmosphere. The cell was evacuated with a turbo 
vacuum pump to a pressure of 4 mtorr during most of the heating 
process. During the heat-up the cell was periodically pressurized with 
hydrogen (99.999% purity) to approximately 100 torr and subsequently 
evacuated to purge gaseous contaminants from the system. When the 
cell temperature stabilized hydrogen was added until the steady pressure 
was approximately 1 torr. The field voltage was increased until 
breakdown occurred. This was confirmed by the spectrometer response 
to visible light emitted from the cell. The hydrogen pressure was 
adjusted, as much as possible, to maximize the light emission from the 
cell. The voltage was maintained at the minimum level which resulted in 
a stable discharge during data acquisition. 

The spectrometer system comprised a 100 ^m optical fiber and 
visible spectrometer (Ocean Optics S2000). To correct for the nonuniform 
response of the spectrometer system as a function of wavelength and the 
dependence of energy on wavelength, the system was calibrated against 
a reference light source (Ocean Optics LS-l-CAL). A spectral calibration 
factor was applied to the count rate data at each wavelength to yield the 
irradiation of the detector in units of energy/time/area/wavelength. The 
total visible radiant flux incident on the detector was calculated by 
integrating the spectral irradiation between 400 and 700 nm. 
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III. RESULTS 
A, EUV spectroscopy 

The cell without any test material present was run to establish the 
baseline of the spectrometer. The intensity of the Lyman a emission as a 
function of time from the gas cell at a cell temperature of 700 °C 
comprising a tungsten filament, a titanium dissociator, and 300 mtorr 
hydrogen with a flow rate of 5.5 seem is shown in Fig. 4. The 
corresponding UV/VIS spectrum ( 40- 560 wm) is shown in Fig. 5. The 
spectrum was recorded with a photomultiplier tube (PMT) and a sodium 
salicylate scintillator. No emission was observed except for the 
blackbody filament radiation at the longer wavelengths. No emission was 
also observed when argon, neon, or helium replaced hydrogen. 

The intensity of the Lyman a emission as a function of time from 
the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, sodium or barium metal in the catalyst 
reservoir, and 300 mtorr hydrogen with a flow rate of 5.5 seem are 
shown in Figs. 6 and 7, respectively. Sodium or barium metal was 
volatized from the catalyst reservoir by heating it with an external 
heater. No emission was observed in either case. The maximum filament 
power was greater than 500 watts. A metal coating formed in the cap of 
the cell over the course of the experiment in both cases. 

The intensity of the Lyman a emission as a function of time from 
the gas cell at a cell temperature of 700 ''C comprising a tungsten 
filament, a titanium dissociator, a magnesium foil in the cell versus 
strontium metal in the catalyst reservoir, and 300 mtorr hydrogen with a 
flow rate of 5.5 seem are shown in Figs. 8 and 9, respectively. No 
emission was observed with the magnesium foil and hydrogen. The 
maximum filament power was 500 watts. The temperature of the foil 
increased with filament power. At 500 watts, the temperature of the foil 
was 1000 °C which would correspond to a vapor pressure of about 100 
mtorr. Strontium metal was volatized from the catalyst reservoir by 
heating it with an external heater. Strong emission was observed from 
strontium and hydrogen. The EUV spectrum (40-160/im) of the cell 
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emission recorded at about the point of the maximum Lyman a emission 
is shown in Fig. 10. No emission was observed in the absence of 
hydrogen flow. A metal coating formed in the cap of the cell over the 
course of the experiment in the case of magnesium and strontium. 

B. Optically measured power balance 

Count rate and spectrometer system irradiation of the background 
spectrum of hydrogen and strontium vapor over the wavelength range 
350<A<750nm in the absence of power applied to the electrode and in the 
absence of a discharge is shown in Fig. 11. This data was collected during 
cell evacuation following the test with strontium and hydrogen at a cell 
temperature of 664 °C. The maximum visible irradiation of 
0.004 liWIcm^nm occurred at the red end of the visible spectrum. The 
results are summarized in Table I where T is the temperature, is the 
hydrogen partial pressure, and is the equilibrium metal vapor 
pressure calculated from standard curves of the vapor pressure as a 
function of temperature [12]. 

Power was applied to the electrode to achieve a bright plasma in 
the strontium-hydrogen mixture and the controls of hydrogen alone, and 
sodium-hydrogen, magnesium-hydrogen, and barium-hydrogen mixtures 
for cell temperatures in the range 335-666 "^C. In each case, the spectral 
radiant flux at the spectrometer system was recorded. If possible, the 
power driving the controls was adjusted such that the peak spectrometer 
system spectral irradiation was about OA fiW / crn^nm in each case. The 
integrated visible irradiation levels were of the order of l/iW/cm^. One 
exception was the case of hydrogen-barium. In this case, the maximum 
spectral irradiation levels and integrated visible irradiation levels were 
only of the order of Om/iW/cm^nm and 0,03 fiW/crn^ , respectively. 

The power required to maintain a plasma of equivalent optical 
brightness with strontium atoms present was 4000, 7000, and 6500 
times less than that required for the sodium, magnesium, and barium 
control, respectively. A driving power of 33.7 W and 58 W was 
necessary to achieve a total visible radiant flux of about l^W/cm^ from a 
sodium-hydrogen mixture and a magnesium-hydrogen mixture, 
respectively. For a hydrogen-barium mixture, a power input of about 55 
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W was required to achieve a total visible irradiation of about 0.03 /iW/cm^ 
Whereas, in the case of a strontium-hydrogen mixture, a power input of 
8.5 mW resulted in a plasma with a total visible radiant flux of about the 
same optical brightness as sodium and magnesium. A plasma formed at a 
cell voltage of about 250 V for hydrogen alone and sodium-hydrogen 
mixtures, and 140-150 V for hydrogen-magnesium and hydrogen- 
barium mixtures; whereas, a plasma formed for hydrogen-strontium 
mixtures at the extremely low voltage of about 2 V. The results are 
summarized in Table I. 

The count rate and the spectrometer system irradiation for a 
mixture of hydrogen and strontium vapor at 664 °C is shown in Fig. 12. 
Optimal light emission was observed after several hours of cell 
evacuation. The hydrogen partial pressure was unknown under these 
conditions. The calculated equilibrium vapor pressure of strontium at 
664 °C is approximately 270 mtorr. The measured breakdown voltage 
was approximately 2 V. The maintenance voltage for a stable discharge 
was 2.2 V and input power was 8.5 mW. Spectral characteristics are 
noted in Table II. The hydrogen Balmer a and p peaks were obscured by 
strong strontium emission near 654.7 and 487.2 nm, respectively. 

The spectrometer system irradiation for a hydrogen discharge at a 
cell temperature of 664 "C and 1 torr is shown in Fig. 13. The breakdown 
voltage was approximately 220 V. The field voltage required to form a 
stable discharge was 224 V. The input power was 24.6 W. Spectral 
features are tabulated in Table III. The peak at 589.1 nm may be due to 
sodium contamination from a previous experimental run. The minor 
peaks at 518.2 and 558.7 nm have not been identified. 

The spectrometer system irradiation for mixtures of hydrogen and 
sodium vapor are shown in Figs. 14-16 for temperatures of 335, 516, and 
664 "C, respectively. Corresponding hydrogen pressures are 1, 1.5, and 
1.5 torr, respectively. The calculated sodium vapor pressure was 51 
mtorr, 5.3 torr, and 63 torr at 335, 516, and 664 °C, respectively. At least 
200 V was required to maintain a discharge. The input power for a 
stable discharge ranged from approximately 10 W at 664 °C to 34 W at 
335 ^'C. Spectral features corresponding to 335 °C are summarized in 
Table IV. Strong emission observed near 656-657 nm was probably due, 
in-part, to hydrogen. The relative contribution to the intensity was 
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masked by strong sodium emission at a slightly shorter wavelength. The 
peak at 486.2 nm could only be due to hydrogen emission. Sodium does 
not have emission lines in the neighborhood of this wavelength. The 
intensity of this peak diminishes relative to the more prominent sodium 
peaks with increasing temperature as shown in Figs. 14-16. This may 
have been due to a decreasing hydrogen concentration as the sodium 
vapor pressure increased. 

The spectral response for mixtures of magnesium vapor and 
hydrogen are shown in Figs. 17-19 for temperatures of 449, 582, and 654 
°C, respectively. The corresponding hydrogen pressures are 4, 4.2, and 3 
torr, respectively. A minimum of 150 V was required to maintain a 
discharge. The minimum input power required to maintain a stable 
discharge was 58 W at 449 °C. Spectral features corresponding to 449 °C 
are summarized in Table V. Both hydrogen and magnesium spectral 
features are observed. The modest sodium emission at 588 nm may be 
due to sodium contamination from previous control experiments. 

The spectral response for a mixture of barium vapor and hydrogen 
at 666°C is shown in Fig. 20. The hydrogen partial pressure and barium 
vapor pressure are 2 torr and 25 mtorr, respectively. It was not possible 
to achieve a total visible irradiation level of 1 jj.W/cm^ even with voltages 
approaching 150 V. The voltage and power input corresponding to Fig. 
20 are 138 V and 55 W, respectively. Spectral features are summarized 
in Table VI. Both barium and hydrogen spectral features are observed as 
well as sodium features which are presumably due to contamination. The 
peak at 493 nm has not been identified. 

IV. DISCUSSION 

Intense EUV emission was observed at low temperatures (e.g. 
^10^ K) from atomic hydrogen and strontium which ionizes at integer 
multiples of the potential energy of atomic hydrogen. In the cases where 
Lyman a emission was observed, no possible chemical reactions of the 
tungsten filament, the dissociator, the vaporized test material, and 300 
mtorr hydrogen at a cell temperature of 700 °C could be found which 
accounted for the hydrogen a line emission. In fact, no known chemical 
reaction releases enough energy to excite Lyman a emission from 
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hydrogen. The emission was not observed with hydrogen alone or with 
helium, neon, or argon gas. Intense emission was observed for strontium 
with hydrogen gas, but no emission was observed with hydrogen or 
strontium alone. This result indicates that the emission may be due to a 
reaction of hydrogen. 

Other studies support the possibility of a novel reaction of atomic 
hydrogen which produces an anomalous discharge. It has been 
previously reported that intense extreme ultraviolet (EUV) emission was 
observed at low temperatures (e.g. =\0^ K) from atomic hydrogen and 
certain atomized elements or certain gaseous ions [6-10]. The only pure 
elements that were observed to emit EUV were those wherein the 
ionization of t electrons from an atom to a continuum energy level is such 
that the sum of the ionization energies of the / electrons is approximately 
m-ll.leV where r and m are each an integer. Strontium atoms ionize at 
integer multiples of the potential energy of atomic hydrogen and caused 
emission. Whereas, the chemically similar atoms, magnesium and barium 
as well as sodium, do not ionize at integer multiples of the potential 
energy of atomic hydrogen and caused no emission. The enthalpy of 
ionization of Sr to Sr^^ has a net enthalpy of reaction of 188.2 eV, which is 
equivalent to m-1. 

The power balance of a gas cell having atomized hydrogen and 
strontium was measured by integrating the total light output corrected 
for spectrometer system response and energy over the visible range. A 
control cell was identical except that sodium, magnesium, or barium 
replaced strontium. In the controls, 4000-7000 times the power of the 
strontium cell was required in order to achieve the same optically 
measured light output power. A plasma formed at a cell voltage of about 
250 V for hydrogen alone and sodium-hydrogen mixtures, and 140-150 
V for hydrogen-magnesium and hydrogen-barium mixtures; whereas, a 
plasma formed for hydrogen-strontium mixtures at the extremely low 
voltage of about 2 V. This is two orders of magnitude lower than the 
starting voltages measured for gas glow discharges, cf. Table VIL 

An anomalous plasma with hydrogen-potassium mixtures has been 
reported in an experiment identical to the present EUV experiments [9- 
10]. When the electric field was set to zero, the plasma decayed with a 
two second half-life which was the thermal decay time of the filament 
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which dissociated molecular hydrogen to atomic hydrogen. This 
experiment showed that hydrogen line emission was occurring even 
though the voltage between the heater wires was set to and measured to 
be zero and indicated that the emission was due to a reaction of 
potassium atoms with atomic hydrogen. Potassium atoms ionize at an 
integer multiple of the potential energy of atomic hydrogen, m-U.leV, 
The enthalpy of ionization of K to K^"^ has a net enthalpy of reaction of 
81.7426 eV, which is equivalent to m = 3. 

In the present experiments, it was determined that the presence of 
a weak electric field was necessary in order for strontium to produce an 
anomalous discharge of hydrogen. In the case that electrons are ionized 
to a continuum energy level, the presence of a low strength electric field 
alters the continuum energy levels. The minimum electric field in this 
experiment was about 2 V over the annular gap of about 2 cm. The 
ionization energy of 188.2 is 1% less than m-ll.leV where m = 7. In the 
anomalous discharge of hydrogen due to the presence of strontium, the 
weak field may adjust the energy of ionizing strontium to match the 
energy of m-27.2eV to permit a novel reaction of atomic hydrogen. 

The formation of novel compounds would be substantial evidence 
supporting a novel reaction of hydrogen as the mechanism of the 
observed EUV emission and anomalous discharge. Novel hydrogen 
compounds have been isolated as products of the reaction of atomic 
hydrogen with atoms and ions identified as catalysts in the present EUV 
study [6-10, 16-21]. 
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Table I. Discharge conditions and comparison of the driving power to 
achieve a total visible radiant flux of about 1 |j,W/cm^. 





T 


Phyd. 

(torr)^ 


Pv 

(Torr) 


Voltage 
(V) 


Current 
(mA) 


III 


Detector 
irradiation 

(liW/cm ) 


Power 
( W) 


H2+Sr 


664 




0.270 




o.ob 


768 


1.1/ 


U.UUoO 


H2 


664 


1 .0 






1 1 U 


1 130 




OA ft 






1 .0 


0.051 


272 


1 24 


122 


1 .85 


33.7 


H2+Na 


516 


1.5 


5.3 


220 


68 


768 


0.40 


15.0 


H2+Na 


664 


1.5 


63 


240 


41 


768 


0.41 


9.84 


H2+Mg 


449 


4.0 


0.016 


153 


380 


500 


1.7 


58 


H2+Mg 


582 


4.2 


0.6 


233 


290 


500 


0.16 


68 


H2+Mg 


654 


3.0 


2.8 


250 


400 


1000 


0.18 


100.0 


Ha+Ba 


666 


2.0 


0.025 


138 


730 


716 


0.03 


55'^ 


Bkgnd. 


664 




0.270 


0 


0 


768 


0.20 


0 



Calculated [12] 



^ Power input differs from volt-amperes due to non-unity power 
factor. 



TABLE II. Spectral features of hydrogen and strontium at 664 °C. 



Measured 


Spectrometer 


Published Emission 


Wavelength 


System 


Data [13] 


(nm) 


Irradiation 


(nm) 




{^flW/cm^nm) 




460.6 


0.156 


460.73 (Sr) 


487.2 


0.00290 


487.25 (Sr), 486.13 (H2) 


639.8 


0.00813 


638.82 (Sr) 


654.7 


0.0139 


654.68 (Sr), 656.29 (Hg) 


689.4 


0.0386 


689.26 (Sr) 
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TABLE III. 


Spectral features of hydrogen at 664 °C. 


Measured 


Spectrometer 


Published Emission 


Wavelength 


System 


Data [13] 


(nm) 


Irradiation 


(nm) 




(^flW / crn^nrn) 




485.8 


0.0165 


486.13 (H2) 


518.2 


0.00894 




558.7 


0.00694 




589.1 


0.0174 


589.00 (Na), 589.59 (Na) 


656.7 


0.0752 


656.29 (H2) 


TABLE IV. 


Spectral features of hydrogen and sodium at 335 °C. 


Measured 


Spectrometer 


Published emission 


wavelength 


System 


data [13] 


(nm) 


Irradiation 


{nm) 




(^flW/cm^nm) 




467.2 


0.00400 


466.86 (Na) 


486.2 


0.0055 


486.13 {H2) 


498.4 


0.0176 


498.28 (Na) 


516.1 


0.00380 


515.34 (Na) 


569.0 


0.114 


568.82 (Na) 


589.3 


0.302 


589.00 (Na). 589.59 (Na) 


615.9 


0.0310 


616.07 (Na) 


656.0 


0.0422 


656.29 (H2), 655.24 (Na) 


657.0 


0.0421 


656.29 (H2) 
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TABLE V. 


Spectral features of hydrogen and magnesium at 449 °C. 


Measured 


Spectrometer 


Published emission 


wavelength 


system 


data [13] 


(nm) 


irradiation 


(nm) 




{flW/cm^nm) 




382.6 


0.0843 


382.93 (Mg), 383.23 (Mg) 


384.0 


0.0643 


383.83 (Mg) 


485.2 


0.0122 


486.13 (H2) 


517.3 


0.0353 


517.27 (Mg), 518.36 (Mg) 


588.1 


0.0167 


589.00 (Na), 589.59 (Na) 


655.8 


0.109 


656.29 (H2) 


Table VL Spectral features of hydrogen and barium at 666°C. 


Measured 


Spectrometer 


Published emission 


wavelength 


system 


data [13] 


(nm) 


irradiation 


(nm) 




(mW/cm^-nm) 




456.2 


0.0021 


455.40 (Ba) 


492.6 


0.002 


552.7 


8.4 X 10"* 


553.55 (Ba) 


568.4 


0.003 


568.26 (Na) 


588.8 


0.006 


589.00 (Na) 


614.7 


9.0 X 10'^ 


614.17 (Ba) 


655.9 


0.002 


656.29 (H2) 



TABLE VIL Glow discharge parameters from von Engel [14] and 



Naidu 


Kamaraju [15]. 




Gas 


Minimum 


Pressure-discharge 




starting 


gap product at 




voltage 


minimum starting 




(V) 


voltage 






(cm-torr) 


N2 


251 


0.67 


H2 


273 


1.15 


Air 


327 


0.567 


cx:^ 


420 


0.51 


Ar 


137 


0.9 


He 


156 


4.0 


Hg 


520 


2 


Na 


335 


0.04 
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Figure Captions 

FIG. 1. The experimental set up comprising a' gas cell light source 
and an EUV spectrometer which was differentially pumped. 

FIG. 2. Cylindrical stainless steel gas cell for plasma studies with 
hydrogen alone, or with hydrogen with strontium, sodium, or magnesium, 

FIG. 3. The experimental setup for generating a glow discharge 
hydrogen plasma and for optically measuring the power balance. 

FIG. 4. The intensity of the Lyman a emission as a function of time 
from the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, and 300 mtorr hydrogen with a flow rate 
of 5.5 seem. 

FIG. 5. The UVA^IS spectrum (40-560 «m) of the cell emission from 
the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, and 300 mtorr hydrogen with a flow rate 
of 5.5 seem that was recorded with a photomultiplier tube (PMT) and a 
sodium salicylate scintillator. 

FIG. 6. The intensity of the Lyman a emission as a function of time 
from the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, sodium metal vaporized from the catalyst 
reservoir, and 300 mtorr hydrogen with a flow rate of 5.5 seem. 

FIG. 7. The intensity of the Lyman a emission as a function of time 
from the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, barium metal vaporized from the catalyst 
reservoir, and 300 mtorr hydrogen with a flow rate of 5.5 seem. 

FIG. 8. The intensity of the Lyman a emission as a function of time 
from the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, a magnesium foil, and 300 mtorr 
hydrogen with a flow rate of 5.5 seem. 

FIG. 9. The intensity of the Lyman a emission as a function of time 
from the gas cell at a cell temperature of 700 °C comprising a tungsten 
filament, a titanium dissociator, strontium metal vaporized from the 
catalyst reservoir, and 300 mtorr hydrogen with a flow rate of 5.5 seem. 

FIG. 10. The EUV spectrum (40-160 nm) of the cell emission 
recorded at about the point of the maximum Lyman a emission from the 
gas cell at a cell temperature of 700 °C comprising a tungsten filament, a 



titanium dissociator, strontium metal vaporized from the catalyst 
reservoir, and 300 mtorr hydrogen with a flow rate of 5.5 seem. 

FIG. 11. Count rate and spectrometer system irradiation of the 
background spectrum of hydrogen and strontium vapor over the 
wavelength range 350<A<750nm in the absence of power applied to the 
electrode and in the absence of a discharge. 

FIG. 12. The count rate and the spectrometer system irradiation for 
a mixture of hydrogen and strontium vapor at 664 °C. 

FIG. 13. The spectrometer system irradiation for a hydrogen 
discharge at a cell temperature of 664 °C and a hydrogen pressure of 1 
torr. 

FIG. 14, The spectrometer system irradiation for a mixture of 
hydrogen and sodium vapor at 335 °C. 

FIG. 15. The spectrometer system irradiation for a mixture of 
hydrogen and sodium vapor at 516 °C. 

FIG. 16. The spectrometer system irradiation for a mixture of 
hydrogen and sodium vapor at 664 °C. 

FIG. 17. The spectrometer system irradiation for a mixture of 
hydrogen and magnesium vapor at 449 °C. 

FIG. 18. The spectrometer system irradiation for a mixture of 
hydrogen and magnesium vapor at 582 °C. 

FIG. 19. The spectrometer system irradiation for a mixture of 
hydrogen and magnesium vapor at 654 ''C. 

Fig. 20. The spectrometer system irradiation for a mixture of 
hydrogen and barium vapor at 666 °C, 
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Abstract 

Typically the emission of extreme ultraviolet light from hydrogen gas is achieved via a discharge at high voltage, 
a high power inductively coupled plasma, or a plasma created and heated to extreme temperatures by RF coupling 
(e.g. > 10* K) with confinement provided by a toroidal magnetic field. We report the observation of intense extreme 
ultraviolet (EUV) emission at low temperatures (e.g. < 1(P K) from atomic hydrogen and certain atomized pure 
elements or certain gaseous ions which ionize at integer multiples of the potential energy of atomic hydrogen. © 20OO 
International Association for Hydrogen Energy. Published by Elsevier Science Ltd. AH righU reserved. 



1. Introduction 

A historical motivation to cause extreme ultraviolet 
(EUV) emission from a hydrogen gas was that the 
spectrum of hydrogen was first recorded from the only 
known source, the Sun [IJ. Developed sources that 
provide a suitable intensity are high voltage discharge, 
synchrotron, and inductively coupled plasma genera- 
tors [2]. An important variant of the latter type of 
source is a tokomak [3]. Fujimoto et al. [4] have deter- 
mined the cross section for production of excited 
hydrogen atoms from the emission cross sections for 
Lyman and Bahner lines when molecular hydrogen is 
dissociated into excited atoms by electron collisions. 
This data was used to develop a coUisionaJ-radiative 
model to be used in determining the ratio of molecu- 
lar-to-atomic hydrogen densities in tokomak plasmas. 
Their results indicate an excitation threshold of 17 eV 



♦Corresponding author. Tel.: +1-609-490-1090; fax: +1- 
609-490-1066. 
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for Lyman a emission. Addition of other gases would 
be expected to decrease the intensity of hydrogen lines 
which could be absorbed by the gas. Hollander and 
Wertheimer [5] found that within a selected range of 
parameters of a plasma created in a microwave resona- 
tor cavity, a hydrogen-oxygen plasma displays an 
emission that resembles the absorption of molecular 
oxygen. Whereas, a helium-hydrogen plasma emits a 
very intense hydrogen Lyman a radiation at 121.5 nm 
which is up to 40 times more intense than other lines 
in the spectrum. The Lyman a emission intensity 
showed a significant deviation from that predicted by 
the model of Fujimoto et al. [4] and from the emission 
of hydrogen alone. 

We report that EUV emission of atomic and mol- 
ecular hydrogen occurs in the gas phase at low tem- 
peratures (e.g. < 10^ K) upon contact of atomic 
hydrogen with certain vaporized elements or ions. 
Atomic hydrogen was generated by dissociation at a 
tungsten filament and at a transition metal dissociator 
that was incandescently heated by the filament. Var- 
ious elements or ions were atomized by heating to 
form a low vapor pressure (e.g. 1 torr). The kinetic 
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energy of the thermal electrons at the experimental 
temperature of <\(P K was about 0.1 eV, and the 
average collisional energies of electrons accelerated by 
the field of the ifilament were less than 1 eV. (No 
blackbody emission was recorded for wavelengths 
shorter than 400 nm.) Atoms or ions which ionize at 
integer multiples of the potential energy of atomic 
hydrogen (e.g. cesium, potassium, strontium, and 
Rb^) caused emission; whereas, other chemically 
equivalent or similar atoms (e.g. sodium, magnesium, 
hotmium, and zinc metals) caused no emission. Helium 
ions present in the experiment of Hollander and 
Wertheimer [5] ionize at a multiple of two times the 
potential energy of atomic hydrogen. The mechanism 
of EUV emission cannot be explained by the conven- 
tional chemistry of hydrogen, but it is predicted by a 
solution of the Schrodinger equation with a nonradia- 
tive boundary constraint put forward by Mills [6]. 

Mills predicts that certain atoms or ions serve as cat- 
alysts to release energy from hydrogen to produce an 
increased binding energy hydrogen atom called a 
hydrino atom having a binding energy of 



Binding energy : 



13.6eV 



where 



ill 
2' 3' 4' 



(1) 



(2) 



and p is an integer greater than 1, designated as H[^] 
where ah is the radius of the hydrogen atom. Hydrinos 
are predicted to form by reacting an ordinary hydro- 
gen atom with a catalyst having a net enthalpy of reac- 
tion of about 



/w-27.2eV 



(3) 



where m is an integer. This catalysis releases energy 
from the hydrogen atom with a commensurate 
decrease in size of the hydrogen atom, r„ = nan. For 
example, the catalysis of H(/i=l) to H(n = 1/2) 
releases 40.8 eV, and the hydrogen radius decreases 
from flH to AflH- 

The excited energy states of atomic hydrogen are 
also given by Eq. (1) except that 



1,2, 3, 



(4) 



The rt= 1 state is the 'ground' state for *pure' photon 
transitions (the n = 1 state can absorb a photon and 
go to an excited electronic state, but it cannot release a 
photon and go to a lower-energy electronic state). 
However, an electron transition from the ground state 
to a lower-energy state is possible by a nonradiative 
energy transfer such as multipole coupling or a res- 
onant collision mechanism. These lower-energy states 



have fractional quantum numbers, n ~ Processes 
that occur without photons and that require collisions 
are common. For example, the exothermic chemical 
reaction of H + H to form H2 does not occur with 
the emission of a photon. Rather, the reaction requires 
a collision with a third body, M, to remove the bond 
energy — H + H + M H2 + M* [7]- The third 
body distributes the energy from the exothermic reac- 
tion, and the end result is the H2 molecule and an 
increase in the temperature of the system. Some com- 
mercial phosphors are based on nonradiative energy 
transfer involving multipole coupling. For example, the 
strong absorption strength of Sb^"^ ions along with the 
efficient nonradiative transfer of excitation from Sb^* 
to Mn^"*^, are responsible for the strong manganese 
luminescence from phosphors containing these ions. 
Similarly, the n = 1 state of hydrogen and the n = 
states of hydrogen are nonradiative, but a tran- 
sition between two nonradiative states is possible via a 
nonradiative energy transfer, say n = 1 to n = 1/2. In 
these cases, during the transition the electron couples 
to another electron transition, electron transfer reac- 
tion, or inelastic scattering reaction which can absorb 
the exact amount of energy that must be removed 
from the hydrogen atom. Thus, a catalyst provides a 
net positive enthalpy of reaction of m - 27.2 eV (i.e. it 
absorbs m - 27.2 eV where m is an integer). Certain 
atoms or ions serve as catalysts which resonantly 
accept energy from hydrogen atoms and release the 
energy to the surroundings to effect electronic tran- 
sitions to fractional quantum energy levels. 

An example of nonradiative energy transfer is the 
basis of commercial fluorescent lamps [8). Consider 
Mn^"^ which when excited sometimes emits yellow 
luminescence. The absorption transitions of Mn^"^ are 
spin-forbidden. Thus, the absorption bands are weak, 
and the Mn^**" ions cannot be efficiently raised to 
excited states by direct optical pumping. Nevertheless, 
Mn^^ is one of the most important luminescence cen- 
ters in commercial phosphors. For example, the 
double-doped phosphor Ca5(P04)3 F: Sb^"*^, Mn^* is 
used in commercial fluorescent lamps where it converts 
mainly ultraviolet light from a mercury discharge into 
visible radiation. When 2536 A mercury radiation falls 
on this material, the radiation is absorbed by the Sb^"^ 
ions rather than the Mn^"*" ions. Some excited Sb^"*" 
ions emit their characteristic blue luminescence, while 
other excited Sb^"^ ions transfer their energy to Mn^*^ 
ions. These excited Mn"^"*^ ions emit their characteristic 
yellow luminescence. The efficiency of transfer of ultra- 
violet photons through the Sb''* ions to the Mn^^ 
ions can be as high as 80%. The strong absorption 
strength of Sb^* ions along with the efficient transfer 
of excitation from Sb^* to Mn^* are responsible for 
the strong manganese luminescence from this material. 

This type of nonradiative energy transfer is common. 
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rhe ion which emits the hght and which is the active 
:Ienient in the material is called the activator; and the 
on which helps to excite the activator and makes the 
naterial more sensitive to pumping light is called the 
ensitizer. Thus, the sensitizer ion absorbs the radiation 



and becomes excited. Because of a coupling between 
sensitizer and activator ions, the sensitizer transmits its 
excitation to the activator, which becomes excited, and 
the activator may release the energy as its own charac- 
teristic radiation. The sensitizer to activator transfer is 



'able I 

lydrogen catalysts providing a net positive enthalpy of reacUon of m.27.2 cV by one or more electron ionizaUons to the conti- 
uum level 
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not a radiative emission and absorption process, rather 
a nonradiative transfer. The nonradiative transfer may 
be by electric or magnetic multipole interactions. In 
the transfer of energy between dissimilar ions, the 
levels will, in general, not be in resonance, and some 
of the energy is released as a phonon or phonons. In 
the case of similar ions, the levels should be in reson- 
ance, and phonons arc not needed to conserve energy. 

Sometimes the host material itself may absorb 
(usually in the ultraviolet) and the energy can be trans- 
ferred nonradia lively to dopant ions. For example, in 
YVO4: Eu-*^, the vanadate group of the host material 
absorbs ultraviolet light, then transfers its energy to 
the Eu^"^ ions which emit characteristic Eu^"^ lumines- 
cence. 

The catalysis of hydrogen involves the nonradiative 
transfer of energy from atomic hydrogen to a catalyst 
which may then release the transferred energy by 
radiative and nonradiative mechanisms. As a conse- 
quence of the nonradiative energy transfer, the hydro- 
gen atom becomes unstable and emits further energy 
until it achieves a lower-energy nonradiative state hav- 
ing a principal energy level given by Eq. (1). 

For example, a catalytic system is provided by the 
ionization of / electrons from an atom each to a conti- 
nuum energy level such that the sum of the ionization 
energies of the / electrons is approximately m ■ 27.2 eV 
where / and m are each an integer. One such catalytic 
system involves cesium. The first and second ionization 
energies of cesium are 3.89390 eV and 23.15745 eV, re- 
spectively [9]. The double ionization (/ = 2) reaction 
of Cs to Cs^"*", then, has a net enthalpy of reaction of 
27.05135 eV, which is equivalent to m = I in Eq. (3). 

27.05135 eV + Cs(/n) + H j^y j — Cs^"*^ + 2e- 

Cs2+ + 2e--*Cs(m) + 27.05135 eV (6) 
And, the overall reaction is 

Thermal energies may broaden the enthalpy of reac- 
tion. The relationship between kinetic energy and tem- 
perature is given by 

£|dn«ic = \kT (8) 

For a temperature of 1200 K, the thermal energy is 
0.16 eV, and the net enthalpy of reaction provided by 



cesium metal is 27.21 eV which is an exact match to 
the desired energy. 

Hydrogen catalysts capable of providing a net 
enthalpy of reaction of approximately m -27.2 eV 
where m is an integer to produce hydrino whereby / 
electrons are ionized from an atom or ion are given in 
Table 1. The atoms or ions given in the first column 
are ionized to provide the net enthalpy of reaction of 
m - 27.2 eV given in the tenth column where m is given 
in the eleventh column. The electrons which are 
ionized are given with the ionization potential (also 
called ionization energy or binding energy). The ioniz- 
ation potential of the nth electron of the atom or ion 
is designated by IP„ and is given by the CRC [9]. That 
is, for example, Cs-|-3.89390 eV— »Cs+-l-e- and Cs+4- 
23.15745 eV—>Cs^^-f-e~. The first ionization potential, 
IPj = 3.89390 eV, and the second ionization potential, 
IP2 = 23.15745 eV, are given in the second and third 
columns, respectively. The net enthalpy of reaction for 
the double ionization of Cs is 27.05135 eV as given in 
the tenth column, and m = 1 in Eq. (3) as given in the 
eleventh column. 

The energy released during catalysis may undergo 
internal conversion and ionize or excite molecular and 
atomic hydrogen resulting in hydrogen emission which 
includes well characterized ultraviolet lines such as the 
Lyman series. Lyman a emission was sought by EUV 
spectroscopy. Due to the extremely short wavelength 
of this radiation, 'transparent' optics do not exist. 
Therefore, a windowless arrangement was used 
wherein the source was connected to the same vacuum 
vessel as the grating and detectors of the EUV spec- 
trometer. Windowless EUV spectroscopy was per- 
formed with an extreme ultraviolet spectrometer that 
was mated with the cell. Differential pumping per- 
mitted a high pressure in the cell as compared to that 
in the spectrometer. This was achieved by pumping on 
the cell outlet and pumping on the grating side of the 
collimator that served as a pin-hole inlet to the optics. 
The cell was operated under hydrogen flow conditions 
while maintaining a constant hydrogen pressure in the 
cell with a mass flow controller. 



2. Experimental 

The experimental set up, shown in Fig. 1, comprised 
a quartz cell which was 500 mm in length and 50 mm 
in diameter. A sample reservoir that was heated inde- 
pendently using an external heater powered by a con- 
stant power supply was on one end of the quartz cell. 
Three ports for gas inlet, outlet, and photon detection 
were on the other end of the cell. A tungsten filament 
(0.5 mm, total resistance ~2.5 ohm) and a titanium or 
nickel cylindrical screen (300 mm long and 40 mm in 
diameter) that performed as a hydrogen dissociator 
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Photon Detector 
CEM or PMT 

Fig. 1. The experimental set up comprising a gas cell light source and an EUV spectrometer which was differentially pumped. 



were inside the quartz cell. The filament was 0.508 mm 
in diameter and 800 cm in length. The filament was 
coiled on a grooved ceramic support to maintain its 
shape when heated. The return lead ran through the 
middle of the ceramic support. The titanium screen 
was electrically floated. The power applied to the fila- 
ment ranged from 300 to 600 W and was supplied by 
a Sorensen 80-13 power supply which was controlled 
by a constant power controller. The voltage across the 
filament was about 55 V and the current was about 5.5 
A at 300 W. The temperature of the tungsten filament 
was estimated to be in the range of MOO to 1500°C. 
The external cell wall temperature was about VOO^C. 
The hydrogen gas pressure inside the cell was main- 
tained at about 300 mtorr. The entire quartz cell was 
enclosed inside an insulation package comprised of 
Zircar AL-30 insulation. Several K type thermocouples 
were placed in the insulation to measure key tempera- 
tures of the cell and insulation. The thermocouples 
were read with a multichannel computer data acqui- 
sition system. 

In the present study, the light emission phenomena 
was studied for more than 130 inorganic compounds 
and pure elements. The inorganic test materials were 
coated on a titanium or nickel screen dissociator by 
the method of incipient wetness. That is the screen was 
coated by dipping it in a concentrated deionized aqu- 
eous solution or suspension, and the crystalline ma- 



terial was dried on the surface by heating for 12 h in a 
drying oven at 130°C. A new dissociator was used for 
each experiment. The chemicals on the screen were 
heated by the tungsten filament and vaporized. Pure el- 
ements with a high vapor pressure as well as inorganic 
compounds were placed in the reservoir and volatized 
by the external heater. Test chemicals with a low 
vapor pressure (high melting point) were volatilized by 
suspending a foil of the material (2 cm by 2 cm by 0.1 
cm thick) between the filament and a titanium or 
nickel dissociator and heating the test material with 
the filament. The cell was increased in temperature to 
the maximum possible that, was permissible with the 
power supply (about 300 W). 

The light emission was introduced to a EUV spec- 
trometer for spectral measurement. The spectrometer 
was a McPherson 0.2 m monochromator (Model 302, 
Seya-Namioka type) equipped with a 1200 lines/mm 
holographic grating. The wavelength region covered by 
the monochromator was 30-560 nm. A channel elec- 
tron multiplier (CEM) was used to detect the EUV 
light- The wavelength resolution was al)Out 12 nm 
(FWHM) with an entrance and exit slit width of 300 x 
300 nm. The vacuum inside the monochromator was 
maintained below 5 x 10~* torr by a turbo pump. The 
EUV spectrum (40-160 nm) of the cell emission was 
recorded at about the point of the maximum Lyman a 
emission. 
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In the case that a hazardous test material was run, 
the cell was closed, and the UV-VIS spectrum (300- 
560 nni) of the cell emission was recorded with a 
photomultiplier tube (PMT) and a sodium salicylate 
scintillator. The PMT (model R1527P, Hamamatsu) 
used has a spectral response in the range of 185-680 
nm with a peak efficiency at about 400 nm. The scan 
interval was 0.4 nm. The inlet and outlet slit were 500- 
500 nm. 

The UV-VIS emission from the gas cell was chan- 
neled into the UV-VIS spectrometer using a 4 m long, 
five stand fiber optic cable (Edmund Scientific Model 
#E2549) having a core diameter of 1958 ^m and a 
maximum attenuation of 0.19 dB/m. The fiber optic 
cable was placed on the outside surface of the top of 
the Pyrex cap of the gas cell. The fiber was oriented to 
maximize the collection of light emitted from inside 
the cell. The room was made dark. The other end of 
the fiber optic cable was fixed in a aperture manifold 
that attached to the entrance aperture of the UV-VIS 
spectrometer. 

The experiments performed according to number 
were: 

1. KCI/10% H2O2 treated titanium dissociator with 
tungsten filament 

2. K2CO3/10% H2O2 treated titanium dissociator with 
tungsten filament and RbCl in the catalyst reservoir 

3. K2CO3/10% H2O2 treated titanium dissociator with 
tungsten filament 

4. Na2CO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

5. Rb2CO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

6. Cs2CO3/10% H2O2 treated titanium dissociator with 
tungsten filament 

7. repeat Na2CO3/10% H2O2 treated titanium dissocia- 
tor with tungsten filament 

8. K2CO3 /10% H2O2 treated nickel dissociator with 
tungsten filament 

9. KNO3/10% H2O2 treated titanium dissociator with 
tungsten filament 

10. repeat K2CO3/10% H2O2 treated titanium dissocia- 
tor with tungsten filament 

.11. K2SO4/10% H2O2 treated titanium dissociator 
with tungsten filament 

12. LiNO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

13. Li2CO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

14. MgCO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

15. repeat RbCI/10% H2O2 treated titanium dissocia- 
tor with tungsten filament; run at very high tem- 
perature to volatilize the catalyst 

16. RbCI/10% H2O2 treated titanium dissociator with 



tungsten filament and RbCl in the catalyst reser- 
voir 

17. K2CO3 coated on titanium dissociator with tung- 
sten filament 

18. KHCO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

19. CaCO3/10% H2O2 treated titanium dissociator 
with tungsten filament 

20. K3PO4/10% H2O2 treated titanium dissociator 
with tungsten filament 

21. samarium foil with titanium dissociator and tung- 
sten filament 

22. zinc foil with titanium dissociator and tungsten 
filament 

23. iron foil with titanium dissociator and tungsten 
filament 

24. copper foil with titanium dissociator and tungsten 
filament 

25. chromium foil with titanium dissociator and tung- 
sten filament 

26. holmium foil with titanium dissociator and tung- 
sten filament 

27. potassium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

28. dysprosium foil with titanium dissociator and tung- 
sten filament 

29. magnesium foil with titanium dissociator and tung- 
sten filament 

30. sodium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

31. rubidium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

32. cobalt foil with titanium dissociator and tungsten 
filament 

33. lead foil with titanium dissociator and tungsten 
filament; used closed cell with Balmer line detec- 
tion by fiber optic cable as indication of EUV 

34. manganese foil with titanium dissociator and tung- 
sten filament 

35. gadolinium foil with titanium dissociator and tung- 
sten filament 

36. lithium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

37. praseodymium foil with titanium dissociator and 
tungsten filament 

38. vanadium foil with titanium dissociator and tung- 
sten filament 

39. tin foil with titanium dissociator and tungsten fila- 
ment 

40. platinum foil with titanium dissociator and tung- 
sten filament 

41. palladium foil with titanium dissociator and tung- 
sten filament 

42. erbium foil with titanium dissociator and tungsten 
filament 

43- aluminum foil with titanium dissociator and tung- 
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sten filament 

44. nickel foil with titanium dissociator and tungsten 
filament 

45. molybdenum foil with titanium dissociator and 
tungsten filament 

46. cerium foil with titanium dissociator and tungsten 
filament 

47. repeat potassium metal in catalyst reservoir with 
titanium dissociator and timgsten filament at lower 
catalyst reservoir heater power to keep potassium 
metal in reaction zone longer 

48. niobium foil with titanium dissociator and tungsten 
filament 

49. tungsten filament with titanium dissociator and 
mixture of potassium metal and rubidium metal 

50. ref^eat cobalt foil with titanium dissociator and 
tungsten filament 

51. silver foil with titanium dissociator and tungsten 
filament 

52. calcium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

53. chromium foil with titanium dissociator and tung- 
sten filament 

54. K2CO3 coated on nickel dissociator and tungsten 
filament 

55. KHSO4 coated titanium dissociator and tungsten 
filament 

56. KHCO3 coated titanium dissociator and tungsten 
filament 

57. cesium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

58. neon gas with titanium dissociator and tungsten 
filament 

59. M0I2 in catalyst reservoir with titanium dissociator 
and tungsten filament at low catalyst reservoir hea- 
ter power to keep M0I2 in reaction zone 

60. repeat CS2CO3 coated titanium dissociator and 
tungsten filament 

61. osmium foil with titanium dissodator and tungsten 
filament 

62. high purity carbon rod with titanium dissociator 
and tungsten filament 

63. repeat lithium metal in catalyst reservoir with tita- 
nium dissociator and tungsten filament 

64. tantalum foil with titanium dissociator and tung- 
sten filament 

65. KH2PO4/10% H2O2 treated titanium dissociator 
and tungsten filament 

66. etched germanium with titanium dissociator and 
tungsten filament 

67. helium gas with titanium dissociator and tungsten 
filament 

68. etched silicon with titanium dissociator and tung- 
sten filament 

69. bismuth foil in catalyst reservoir with titanium dis- 
sociator and tungsten filament 
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70. Strontium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

71. etched gallium in catalyst reservoir with titanium 
dissociator and tungsten filament 

72. repeat iron foil with titanium dissociator and tung- 
sten filament 

73. argon gas with titanium dissociator and tungsten 
filament 

74. selenium foil in catalyst reservoir with titanium dis- 
sociator and tungsten filament; used closed cell 
with Balmer line detection by fiber optic cable as 
indication of EUV 

75. Rbl + KI coated titanium dissociator with tungsten 
filament 

76. SrCl2 + FeCl2 coated titanium dissociator with 
tungsten filament 

77. indium foil with titanium dissociator and tungsten 
filament 

78. zirconium foil with titanium dissociator and tung- 
sten filament 

79. barium metal in catalyst reservoir with titanium 
dissociator and tungsten filament 

80. antimony foil in catalyst reservoir with titanium 
dissociator and tungsten filament 

81. ruthenium foil with titanium dissodator and tung- 
sten filament 

82. yttrium foil in catalyst reservoir with titanium dis- 
sociator and tungsten filament 

83. cadmium foil with titanium dissociator and tung- 
sten filament 

84. repeat samarium foil with titanium dissociator and 
tungsten filament 

85. K2HPO4 coated titanium dissociator with tungsten 
filament 

86. SrC03 coated titanium dissociator with tungsten 
filament 

87. ErCb + MgCl2 coated titanium dissociator with 
tungsten filament 

88. LiF + PdQ2 coated titanium dissociator with 
tungsten filament 

89. EUCI3 + MgCl2 coated titanium dissociator with 
tungsten filament 

90. La2 (003)3 coated titanium dissociator with tung- 
sten filament 

91. Ag2S04 coated titanium dissociator with tungsten 
filament 

92. Er2(C03)3 coated titanium dissociator with tung- 
sten filament 

93. repeat samarium foil third time with titanium dis- 
sociator and tungsten filament 

94. ¥2(504)3 coated titanium dissociator with tungsten 
filament 

95. Si02 coated titanium dissociator with tungsten fila- 
ment 

96. Zn(N03)2 coated titanium dissociator with tung- 
sten filament 
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97. Ba(N03)2 coated titanium dissociator with tung- 
sten filament 

98. AI2O3 coated titanium dissociator with tungsten 
filament 

99. CrP04 coated titanium dissociator with tungsten 
filament 

100. NaNOj coated titanium dissociator with tungsten 
filament 

101. Bi(N03)3 coated titanium dissociator with tung- 
sten filament 

102. Sc2(C03)3 coated titanium dissociator with tung- 
sten filament 

103- europium foil with titanium dissociator and tung- 
sten filament 

104. rhenium foil with titanium dissociator and tung- 
sten filament 

105. lutenium foil with titanium dissociator and tung- 
sten filament 

106. Mg(N03)2 coated titanium dissociator with tung- 
sten filament 

107. Sr(N03)2 coated titanium dissociator with tung- 
sten filament 

108. neodymium foil with titanium dissociator and 
tungsten filament 

109. ytterbium foil with titanium dissociator and tung- 
sten filament 

110. NaN03 coated titanium dissociator with tungsten 
filament and helium (no hydrogen control) 

111. thallium foil with titanium dissociator and tung- 
sten filament 

112. RbN03 coated titanium dissociator with tungsten 
filament 

1 13. lanthanum foil with titanium dissociator and 
tungsten filament 

1 14. Sm(N03)3, coated titanium dissociator with tung- 
sten filament 

115. terbium foil with titanium dissociator and tung- 
sten filament 

116. La(N03)3 coated titanium dissociator with tung- 
sten filament 

117. hafnium foil with titanium dissociator and tung- 
sten filament 

118. NaC103 coated titanium dissociator with tungsten 
filament 

119. repeat NaN03 coated titaiuum dissociator with 
tungsten filament 

120. Sm2(C03)3 coated titanium dissociator with tung- 
sten filament 

121. scandium foil with titanium dissociator and tung- 
sten filament 

122- Nb02 coated titaniimi dissociator with tungsten 
filament 

123. KCIO3 coated titanium dissociator with tungsten 
filament 

124. BaC03 coated titanium dissociator with tungsten 
filament 



125. Yb(N03)3 coated titanium dissociator with tung- 
sten filament 

126. thulium foil with titanium dissociator and tung- 
sten filament 

127. Yb2(C03)3 coated titanium dissociator with tung- 
sten filament 

128. RbCI03 coated titanium dissociator with tungsten 
filament 

129. HfU coated titanium dissociator with tungsten 
filament 

130. rhodium foil with titanium dissociator and tung- 
sten filament 

131. iridium foil with titanium dissociator and tung- 
sten filament 

132- gold foil with titanium dissociator and tungsten 
filament 

133. repeat ytterbium foil with titanium dissociator 
and tungsten filament 

134. repeat hafnium foil with titanium dissociator and 
tungsten filament 

135. potassium metal in catalyst reservoir with tung- 
sten filament, titanium dissociator, and neon (no 
hydrogen control) 

136. potassium metal in catalyst reservoir with tung- 
sten filament, titanium dissociator, and argon (no 
hydrogen control) 

137. K2CO3 treated titanium foil with tungsten fila- 
ment and argon (no hydrogen control) 

138. Nal treated titanium foil with tungsten filament 



3. Results 

The results of the extreme ultraviolet (EUV) light 
emission from atomic hydrogen and atomized pure el- 
ements or gaseous inorganic compounds at low tem- 
peratures (e.g. < 10^ K) are summarized in Table 2. 
The EUV light emission measurements were performed 
on more than 100 elements and inorganic compounds 
comprising 138 experiments as given in the experimen- 
tal section. 

The cell without any test material present was run to 
establish the baseline of the spectrometer. The intensity 
of the Lyman a emission as a function of time from 
the gas cell comprising a tungsten filament, a titanium 
dissociator, and 0.3 torr hydrogen at a cell temperature 
of 700X is shown in Fig. 2 (A). The UV-VIS spec- 
trum (40-560 nm) of the cell emission from the gas 
cell comprising a tungsten filament, a titanium disso- 
ciator, and 0.3 torr hydrogen at a cell temperature of 
700°C is shown in Fig. 2 (B). The spectrum was 
recorded with a photomultiplier tube (PMT) and a 
sodium salicylate scintillator. No emission was 
observed except for the blackbody filament radiation 
at the longer wavelengths. 
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The intensity of the Lyman a emission as a function 
of time from the gas cell comprising a tungsten fila- 
ment, a titanium dissociator, cesium metal versus 
sodium metal in the catalyst reservoir, and 0.3 torr 
hydrogen at a cell temperature of 700°C are shown in 
Fig. 3 (A) and Fig. 4, respectively. Cesium metal or 
sodium metal was volatized from the catalyst reservoir 
by heating it with an external heater. Intense emission 
was observed from cesium metal starting after 35 min 
when the cell temperature rose from room temperature 
to approximately 700*C. The EUV spectrum (40-160 
nm) of the cell emission recorded at about the point of 
the maximum Lyman a emission is shown in Fig. 3(B). 
In the case of the sodium metal, no emission was 
observed. The maximum filament power was 500 W. A 
metal coating formed in the cap of the cell over the 
course of the experiment in both cases. 

The intensity of the Lyman a emission as a function 
of time from the gas cell comprising a tungsten fila- 
ment, a titanium dissociator, strontium metal in the 
catalyst reservoir versus a magnesium foil in the cell, 
and 0.3 torr hydrogen at a cell temperature of 7O0'C 
are shown in Fig. 5 (A) and Fig. 6, respectively. Stron- 
tium metal was volatized from the catalyst reservoir by 
heating it with an external heater. The magnesium foil 
was volatilized by suspending a 2 cm by 2 cm by 0.1 
cm thick foil between the filament and the titanium 
dissociator and heating the foil with the filament. 
Strong emission was observed from strontium. The 
EUV spectrum (40-160 nm) of the cell emission 
recorded at about the point of the maximum Lyman a 
emission is shown in Fig. 5 (B). In the case of the mag- 
nesium foil, no emission was observed. The maximum 
filament power was 500 W. The temperature of the foil 
increased with filament power. At 500 W, the tempera- 
ture of the foil was 1000**C which would correspond to 
a vapor pressure of about 100 mtorr. A magnesium 
metal coating foraicd in the cap of the cell over the 
course of the experiment. 

The intensity of the Lyman a emission as a function 
of time from the gas cell comprising a tungsten fila- 
ment, a titanium dissociator treated with 0.6 M 
KzCOj/lOyo H2O2 before being used in the cell, and 
0.3 torr hydrogen at a cell temperature of IWQ is 
shown in Fig. 7. The emission reached a maximum of 
60,000 counts per second at a filament power of 300 
W. At this power level, potassium metal was observed 
to condense on the wall of the tC)p of the gas cell. The 
EUV spectrum (40-160 nm) of the cell emission 
recorded at about the point of the maximum Lyman a 



emission is shown in Fig. 8 (A). The UV-VIS spec- 
trum (40-560 nm) of the cell emission recorded with a 
photomultiplier tube (PMT) and a sodium salicylate 
scintillator from the gas cell comprising a tungsten fila- 
ment, a titanium dissociator treated with 0.6 M 
K2CO3/10% H2O2 before being used in the cell, and 
0.3 torr hydrogen at a cell temperature of 700°C is 
shown in Fig. 8(B). The visible spectrum is dominated 
by potassium lines. Hydrogen Balmer lines are also 
present in the UV-VIS region when the Lyman a emis- 
sion is present in the EUV region. Thus, recording the 
Balmer emission corresponds to recording the Lyman 
a emission. The EUV spectrum (40-160 nm) of the cell 
emission recorded at about the point of the maximum 
Lyman a emission from the gas cell comprising a tung- 
sten filament, a titanium dissociator treated with 0.6 M 
Na2CO3/10% H2O2 before being used in the cell, and 
0.3 torr hydrogen at a cell temperature of 700°C is 
shown in Fig. 9. Essentially no emission was observed. 
Sodium metal was observed to condense on the wall of 
the top of the gas cell after the cell reached 700*'C 

The results of the EUV light emission from atomic 
hydrogen and gaseous inorganic compounds at low 
temperatures (e.g. < 10^ K) are summarized in Table 2, 
Among the inorganic compounds tested, very strong 
hydrogen Lyman alpha line emissions were observed 
from Ba(N03)2, RbNOj. NaNOj, K2CO3, KHCO3, 
RbiCOj, CS2CO3, SrCOj, and Sr(N03)2. Fig. 8(A) 
shows a typical EUV emission spectrum obuined by 
heating K2CO3 coated on the titanium screen in pre- 
sence of atomic hydrogen. The main spectral lines were 
identified as atomic hydrogen Lyman alpha (121.57 
nm) and Lyman beta (102.57 nm) lines, and molecular 
hydrogen emission lines distributed in the region 80- 
150 nm. The potassium ionic lines (60.07 nm, 60.80 
nm and 61.27 nm) were also observed in the spectrum, 
but they were not resolved. The spectra show that pot- 
assium' ions were formed in the cell under the exper- 
imental conditions. Their actual intensity should be 
larger than the observed intensity because of the lower 
monochromator grating efficiency at shorter wave- 
length. 

The results of the EUV light emission from 
atomic hydrogen and atomized pure elements at low 
temperatures (e.g. < 10^ K) are summarized in 
Table 2. Strong hydrogen Lyman alpha line emission 
was observed from Sr, Rb, Cs, Ca, Fe, and K. 

The light emission usually occurred after the power 
of the filament was increased to above 300 W for 
about 20 min, and the light was emitted for a period 



Fig. 2. (A). The intensity of the Lyman a emission as a function of time from the gas cell comprising a tungsten filament, a tita- 
nium dissociator, and 0.3 torr hydrogen at a cell temperature of 700''C. (B). The UV-VIS spectrum (40-560 nm) of the cell emis- 
sion from the gas cell comprising a tungsten filament, a titanium dissociator, and 0.3 torr hydrogen at a cell temperature of 700"C 
that was recorded with a photomultiplier tube (PMT) and a sodium salicylate scintillator. 
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depending on the temperature (heater power level), 
type and quantity of chemicals deposited in the cell. 
Higher power would cause higher temperature and 
higher emission intensity, but in the case of volatile 
chemicals, a shorter duration of emission was observed 
because the chemicals thermally migrated from the cell 
and condensed on the wall of the top of the cell. The 
appearance of a coating from this migration was noted 
in Table 2. The emission lasted from 1 h to 1 week 
depending on how much chemical was initially present 
in the cell and the power level which corresponded to 
the ceil temperature. 



4. Discussion 

In the cases where Lyman a emission was 
observed, no possible chemical reactions of the 
tungsten filament, the dissociator, the vaporized test 
material, and 0.3 torr hydrogen at a eel! tempera- 
ture of TOO^C could be found which accounted for 
the hydrogen a line emission. In fact, no known 
chemical reaction releases enough energy to excite 
Lyman a emission from hydrogen. In many cases 
such as the reduction of K2CO3 by hydrogen, any 
possible reaction is very endothermic. The emission 
was not observed with hydrogen alone or with helium, 
neon, or argon gas. The emission was not due to the 
presence of a particular anion. Ba is a very efficient 
source of electrons, and is commonly used to coat the 
cathode of a plasma discharge cell to improve the 
emission current (10,111. No emission was observed 
with the titanium dissociator with Ba. Intense emission 
was observed for NaNOs with hydrogen gas, but no 
emission was observed when hydrogen was replaced by 
helium. Intense emission was observed for potassium 
metal with hydrogen gas, but no emission was 
observed when hydrogen was replaced by argon. These 
latter two results indicate that the emission was due to 
a reaction of hydrogen. The emission of the Lyman 
lines is assigned to the catalysis of hydrogen which 
excites atomic and molecular hydrogen. 

The only pure elements that were observed to 
emit EUV are each a catalytic system wherein the 
ionization of t electrons from an atom to a conti- 
nuum energy level is such that the sum of the ion- 
ization energies of the t electrons is approximately 
m-n,2 eV where / and m are each an integer. 
These elements with the specific enthalpies of the 



catalytic reactions appear in with the exception of 
neodymium metal since ionization data is unavail- 
able. 

Representative catalytic reactions appear in the bal- 
ance equations infra. In the case that ordinary atomic 
hydrogen is the reactant, the parameter p which corre- 
sponds to Eq. (2) is one. 

4.L Strontium 

One such catalytic system involves strontium. The 
first through the fifth ionization energies of strontium 
are 5.69484 eV, 11.03013 eV, 42.89 cV, 57 cV, and 
71.6 eV, respectively [9J. The ionization reaction of Sr 
to Sr^^, (/ = 5), then, has a net enthalpy of reaction 
of 188.2 eV, which is equivalent to m = 7 in Eq. (3). 

188.2 eV + Sr(m) + H j^y j-^Sr^ + Se" 

Sr^ -I- 5e-->Sr(m) + 188.2 eV (10) 
And, the overall reaction is 

Hj^j-.H[^-:^] + [0 + 7)2 V]xl3.6eV („) 

4.2. Praseodymium and neodymium metal 

Another such catalytic system involves praseody- 
mium metal. The first, second, third, fourth, and fifth 
ionization energies of praseodymium are 5.464 eV, 
10.55 eV, 21.624 eV, 38,98 eV, and 57.53 eV, respect- 
ively [9]. The ionization reaction of Pr to Pr^"^, {t = 
5), then, has a net enthalpy of reaction of 134.148 eV, 
which is equivalent to m = 5 in Eq. (3). 

134.148 eV -I- Pr(m) + Hj^yj-^Pr^-" + 5c- 
+ Hj_:^j + [(p-H5)^V]x 13.6CV (12) 

Pr^ -I- 5e- — Pr(m) -1- 134.148 eV (13) 
And, the overall reaction is 



Fig 3 (A) The intensity of the Lyman a emission as a funcUon of time from the gas cell comprising a tungsten filament, a tjto- 
nium dissociator, cesium metal vaporized from the catalyst reservoir, and 0.3 torr hydrogen at a cell temperature of 700-a (B). 
The EUV spectrum (40-160 nm) of the cell emission rworded at about the point of the maximum Lyman a eimssioD from the gas 
cell comprising cesium metal vaporized from the catalyst reservoir, a tungsten filament, a titanium dissociator. and 0.3 torr hydro- 
gen at a cell temperature of 700'C. 
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H[^]^H[^] + [0. + 5)^V]xl3.6eV (14) 



134.148 eV 



134.148 eV 



= 0.987 



5 X 27.196 eV 135.98 eV 

EUV emission was observed in the case of praseody- 
mium metal (Pr(m)). The count rate was about 3000 
counts/second. EUV emission was also observed in the 
case of neodymium metal (Nd(m)). The count rate was 
about the same as that of praseodymium metal, 3000 
counts/second. Neodymium metal (Nd(m)) may com- 
prise a catalytic system by the ionization of 5 electrons 
from each neodymium atom to a continuum energy 
level sudi that the sum of the ionization energies of 
the 5 electrons is approximately 5-27.2 eV. The first, 
second, third, and fourth ionization energies of neody- 
mium are 5.5250 eV, 10,73 eV, 21.1 eV, and 40.41 eV, 
respectively [9]. The fifth ionization energy of neody- 
mium should be about that of praseodymium, 57.53 
eV, based on the close match of the first four ioniz- 



ation energies with the corresponding ionization ener- 
gies of praseodymium. In this case, the ionization 
reaction of Nd to Nd^*, (/ = 5), then, has a net 
enthalpy of reaction of 136.295 eV, which is equivalent 
to m = 5 in Eq. (3). The reaction is given by Eqs. 
(12)-<14) with the substitution of neodymium for pra- 
seodymium. 



136.295 cV 1 36.295 eV _ 
5 X 27.196 eV ~ 135.98 eV ' 



1.002 



Furthermore, several cases of inorganic compounds 
were observed to emit EUV. The only ions that were 
observed to emit EUV are each a catalytic system 
wherein the ionization of t electrons from an ion to a 
continuum energy level is such that the sum of the ion- 
ization energies of the / electrons is approximately m • 
27.2 eV where m and t are each an integer. These ions 
with the specific enthalpies of the catalytic reactions 
appear in Table 1 with the exception of Ba^* since 
ionization data is unavailable. 
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937 




Time (min) 

Fig. 6. The intensiiy of the Lyman a emission as a function of time from the gas cell comprising a tungsten filament, a titanium dis- 
sodator, a magnesium foil, and 0.3 torr hydrogen at a cell temperature of TOCC. 



4.3. Rubidittm 

Rubidium ions can also provide a net enthalpy of a 
multiple of that of the potential energy of the hydro- 
gen atom. The second ionization energy of rubidium is 
27.28 eV. The reaction Rb^ to Rb^"^ has a net 
enthalpy of reaction of 27.28 eV, which is equivalent 
to m = I in Eq. <3). 

27.28 eV + Rb+ + h|^~ Rb2+ + e" 



Rb^+ + e"— Rb+ + 27.28 eV 



The overall reaction is 



(16) 



H[^]-.H[^] + [(p+l)^V]x!3.6eV (17) 

The catalytic rate and corresponding intensity of EUV 
emission depends of the concentration of gas phase 
Rb* ions. Rubidium metal may form RbH which may 
provide gas phase Rb"*" ions, or rubidium metal may 
be ionized to provide gas phase Rb"*" ions. Rb2C03 
comprises two Rb"*" ions rather than one, and it is not 
as volatile. But, it may decompose to rubidium metal 



Fig. 5. (A). The intensity of the Lyman a emission as a function of time from the gas cell comprising a tungsten filament, a tita- 
nium dissociator, strontium metal vaporized from the caUlyst reservoir, and 0.3 torr hydrogen at a cell temperature of 700°C. (B). 
The EUV spectrum (40-160 nm) of the cell emission recorded at about the point of the maximum Lyman o emission from the gas 
cell comprising a tungsten filament, a titanium dissociator, strontium metal vaporized from the catalyst reservoir, and 0.3 torr 
hydrogen at a cell temperature of 700°C. 
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in which case the vapor pressure should be higher than 
that vaporized from the catalyst reservoir due to the 
large surface area of the rubidium coated titanium dis- 
sociator. Alkali metal nitrates are extraordinarily vol- 
atile and can be distilled at 35O-50O''C [12). RbNOs is 
the favored candidate for providing gaseous Rb"^ ions. 
The EUV spectrum (40-160 nra) of the cell emission 
recorded at about the point of the maximum Lyman tx 
emission for rubidium metal, Rb2C03, and RbNOa is 
shown in Fig. 10. RbN03 produced the highest inten- 
sity EUV emission. 

4,4. Sodium iodide, sodium metal, sodium carbonate, 
sodium nitrate 

No emission was observed in the case of Nal. No 
emission was observed in the case of KI either which 
indicates that iodides form a molecular bond in the 
gas phase. Essentially no EUV emiission was observed 
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in the case of Na(m) and Na2C03. What little was 
observed may be due to potassium contamination 
which was measured by time-of-flight-secondary-ion- 
mass-spectroscopy. EUV emission was observed in the 
case of NaN03. Na(m) is not a catalyst. Na2C03 
decomposes to Na(m). Na2C03 is further not a cata- 
lyst because two sodium ions are present rather than 
one, and Na2C03 is not volatile. NaNOs is a catalyst 
which is volatile at the experimental conditions of the 
EUV experiment. The catalytic system is provided by 
the ionization of three electrons from Na^ to a conti- 
nuum energy level such that the sum of the ionization 
energies of the three electrons is approximately m-27.2 
eV where m is an integer. The second, third, and 
fourth ionization energies of sodium are 47,2864 eV, 
71.6200 eV, and 98.91 eV, respectively [9]. The triple 
ionization reaction of Na"^ to Na*"*^, then, has a net 
enthalpy of reaction of 217.8164 eV, which is equival- 
ent to m = 8 in Eq, (3). 




Fig. 7. The intensity of the Lyman a emission as a function of time from the gas cell comprising a tungsten filament, a titanium dis- 
sociator treated with 0.6 M K2CO3/10% H2O3 before being used in the cell, and 0.3 torr hydrogen at a cell temperature of 700°C 
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Fig. 9. The EUV spectrum (40-160 nm) of ihc cell emission recorded at about the point of the maximum Lyman a emission from 
the gas cell comprising a tungsten filament, a titanium dissociator treated with 0.6 M Na2CO3/10yo H3O2 before being used in the 
cell, and 0.3 torr hydrogen at a cell temperature of 7O0'C. 



217.8164 eV+Na+ + I 



+ 3e- 



+ "[(^] + + X 13.6 eV 

Na'^^ + 3e--*Na+ + 217.8164 eV 
And, the overall reaction is 



(18) 



(19) 



217.8164 eV 217.8164 eV 



8 x .27.196eV 217.568 eV 



= 1.001 



Very little mirroring was observed compared to that 
observed with the onset of EUV emission in the case 
of K2CO3 or KNO3. This further supports the source 
of emission as NaNOs catalyst. 



Fig. 8. (A). The EUV spectrum (40-160 nm) of the cell emission recorded at about the point of the maximum Lyman a emission 
from the gas cell comprising a tungsten filament, a titanium dissociator treated with 0.6 M KjCOs/lOV* H2O2 before being used in 
the cell, and 0.3 torr hydrogen at a cell temperature of 700°C. (B). The UV-VIS spectrum (300-560 nm) of the cdl emission 
recorded with a pholomultiplier tube (PMT) and a sodium salicylate-scintillator from Ihc gas cell comprising a tungsten filament, a 
titanium dissociator treated with 0.6 M KjCOj/lOVo H2O2 before being used in the cell, and 0.3 torr hydrogen at a cell temperature 
of700"C 
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4.5, Barium nitrate 

EUV emission was observed from Ba(N03)2; 
whereas, no EUV emission was observed from Ba(m). 
Alkali metal nitrates are extraordinarily volatile and 
can be distiiled 350-500X, and barium nitrate can 
also be distilled at 600X [12]. Ba(N03)2 melts at 
592'*C; thus, it is stable and volatile at the operating 
temperature of the EUV experiment. Ba^"*^ may be a 
catalyst, but it is not possible to determine this since 
only the first two vacuum ionization energies of bar- 
ium are published [9]. 

A catalysts may also be provided by the transfer of / 
electrons between participating ions. The transfer of t 
electrons from one ion to another ion provides a net 
enthalpy of reaction whereby the sum of the ionization 
energy of the electron donating ion minus the ioniz- 
ation energy of the electron accepting ion equals ap- 
proximately m-27.2 eV where / and m are each an 
integer. Two K"*^ ions in one case and two La-*"*^ ions 
in another were observed to serve as catalysts as indi- 
cated by the observed EUV emission. No other ion 
pairs caused EUV emission. 

4.6. Potassium 

Potassium ions can also provide a net enthalpy of a 
multiple of that of the potential energy of the hydro- 
gen atom. The second ionization energy of potassium 
is 31.63 eV; and K"*" releases 4.34 eV when it is 
reduced to K. TTie combination of reactions K to 
K^^ and to K, then, has a net enthalpy of reac- 
tion of 27.28 eV, which is equivalent to m = 1 in Eq. 
(3). 

27.28 eV + K+ -h K+ + h[^^ j-^K + 

+ h[^] + [(P + ly-p'] X 13.6 eV (21) 

K + K^+-^K+ + K-^ -1- 27.28 eV (22) 
The overall reaction is 

Hj^]_Hj^^] + [(p + l)=V]>«I3.6eV (23) 



4.7. Lanthanum carbonate 

EUV emission was observed from 1-32(003)3; 
whereas, no emission was observed from lanthanum 
metal or La(N03)3. Lanthanum metal is not a caUlyst. 
A single La^"*^ corresponding to the case of La(N03)3 
is also not a catalyst. In another embodiment, a cataly- 



tic system transfers two electrons from one ion to 
another such that the sum of the total ionization 
energy of the electron donating species minus the total 
ionization energy of the electron accepting species 
equals approximately m-27.2 eV where m is an integer. 
One such catalytic system involves lanthanum as 
La2(C03)3 which provides two La^* ions. The only 
stable oxidation state of lanthanum is La^"^. The 
fourth and fifth ionization energies of lanthanum are 
49.95 eV and 61.6 eV, respectively. The third and sec- 
ond ionization energies of lanthanum are 19.1773 eV 
and 11.060 eV, respectively [9]. The combination of 
reactions La^"^ to La^"*" and La^"" to La"", then, has a 
net enthalpy of reaction of 81.3127 eV, which is equiv- 
alent to m = 3 in Eq. (3). 

81 .3 127 eV + La^+ + + h|^^ j -La'+ 

-^La++Hj^^j + [(;' + 3)^V]xl3.6eV (24) 

La5+ + La+_La3+ _j. La3+ ^ 81.3127 eV (25) 
The overall reaction is 

H[^]-.H[^]-f[(p + 3)^V]xl3.6eV (26) 

81.3127 eV ^ 81.3127 eV ^ ^ 
3 x 27.196eV 81.588 eV 



4.8. Germanium 

Weak (100 counts/sec) EUV emission was observed 
from Ge. The stable oxidation states of germanium are 
Gt^* and Ge'*^. The catalytic system is provided by 
the ionization of two electrons from Ge^"*" to a conti- 
nuum energy level such that the sum of the ionization 
energies of the two electrons is approximately m-27.2 
eV where m is an integer. The third and fourth ioniz- 
ation energies of germanium are 34.2241 eV, and 
45.7131 eV, respectively [9]. The double ionization 
reaction of Ge^^ to Ge**, then, has a net enthalpy of 
reaction of 79.9372 eV, which is equivalent to m = 3 
in Eq. (3). 

79.9372 eV Ge^* nj^— Ge^ + 2e- 

+ H[^i + [(P + ^?-p'] X 13.6 eV (27) 
Ge*+ + 2e--Ge2+ + 79.9372 eV (28) 
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And, the overall reaction is 



H[^j^H[^^j + [(p + 3)2V]xl3.6eV (29) 



79.9372 eV 



= 0.98 



79.9372 eV 
3 X 27.196 eV 81.588 eV 

Very low level EUV emission with the presence of 
some of the dements in Tabic 1 may be explained by 
the presence of low levels of catalytic ions of a pure el- 
ement such as the case of germaniimi or by contami- 
nation with catalytic reactants such as potassium in 
sodium. 



5. Conclusions 

Intense EUV emission was observed at low tempera- 
tures (e.g. < lO' K) from atomic hydrogen and certain 
atomized pure elements or certain gaseous ions which 
ionize at integer multiples of the potential energy of 



atomic hydrogen. The release of energy from hydrogen 
as evidenced by the EUV emission must result in a 
lower-energy state of hydrogen. The lower-energy 
hydrogen atom called a hydrino atom by Mills [6] 
would be expected to demonstrate novel chemistry. 
The formation of novel compounds based on hydrino 
atoms would be substantial evidence supporting cataly- 
sis of hydrogen as the mechanism of the observed 
EUV emission. A novel hydride ion called a hydrino 
hydride ion having extraordinary chemical properties 
given by Mills [6] is predicted to form by the reaction 
of an electron with a hydrino atom. Compounds con- 
taining hydrino hydride ions have been isolated as pro- 
ducts of the reaction of atomic hydrogen with atoms 
and ions identified as catalysts in the present EUV 
study [6,13,14]. Work is in progress to optimize the 
EUV emission and correlate the EUV emission with 
novel compound and heat production. 

Billions of dollars have been spent to harness the 
energy of hydrogen through fusion using plasmas cre- 
ated and heated to extreme temperatures by RF coup- 
ling (e.g. > 10* K) with confinement provided by a 
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toroidal magnetic field. The present study indicates 
that energy may be released from hydrogen at rela- 
tively low temperatures with an apparatus which is of 
trivial technological complexity compared to a toko- 
mak. And, rather than producing radioactive waste, 
the reaction has the potential to produce compounds 
having extraordinary properties. The implications are 
that a vast new energy source and a new field of 
hydrogen chemistry have been discovered. 
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Abstract 



A high-voltage discharge of hydrogen with and without the presence of a source of potassii 
discharge was performed with a hollow cathode. It has been reported that intense extreme 
observed from atomic hydrogen and certain elements or certain ions which ionize at intej 
of atomic hydrogen, 27.2 cV (Mills et al., 1999 Pacific Conference on Chemistry and S| 
Regional Meeting, Ontario Convention Center, California, October 6-8, 1999; 



919; Mills, Int. J. Hydrogen Energy, in press; Mills et al., Int. J. Hydrogen Energy Ji 
Northeast Regional Meeting, University of Connecticut, Storrs, CT, June 
atom may each provide an electron ionization or transfer reaction that has 
eV. The spectral lines of atomic hydrogen were intense enough to be recorded 
EUV lines not assignable to potassium, iodine, or hydrogen were oh^^gij at 7'. 



The lines could be assigned to transitions of atomic hydrogen to lo 
atoms called hydrino atoms and the emission from the excitati 
atoms. © 2000 International Association for Hydrogen Ene! 



1. Introduction 

The chemical interaction of potassium' 
temperatures below 1000 K has sho^ 
terms of the emission of the Lymi 
6] and the formation of novel 



12]. In searching for an ex| 
of umisually high ener^ 
and Balmer series erm^Kn, 
between hydrogen ancRpt: 
tiple of the icn^^ti 
introduced int< 
by the 



tofiedis^si 
^ji^j]pse 






iodide, in the 
V) emission was 
the potential energy 
id the 35th ACS Western 
^drogen Energy 25 (2000) 



et al., June ACS Meeting, 29th 
potassiiun ions or a potassium 
equal to an integer multiple of 27.2 
lographic films only when KI was prescnt. 
1,132.6,513.6,677.8,885.9, and 1032.9 A. 



levels correspondmg to lower-energy hydrogen 
iponding hydride ions formed from the hydrino 
Elsevier Science Ltd. All rights reserved. 




;en at 
ts in 

[1- 
[1,6- 
emical reactions 
hydrogen Lyman 
electronic interaction 
at energy levels of a mul- 
tf hydrogen, nfn, has been 
lion. This hypothesis is supported 
elements such as potassium, ce- 



which have bound electrons of ener- 
low Lyman and Balmer emission during 
itcraction with atomic hydrogen. Those ele- 
electronic states of E ^ show no emission 

• Tel.: +1-609-490-1040; fax: +1-609^90-1066. 

E-mail address: nmns@blackligbtpowcr.com (R.L Mills). 



under identical conditions. This paper addresses new elec- 
tronic energy states of hydrogen. If such states are stable, 
spectral line emission should be observed in the EUV dur- 
ing their formation and during energetic electron excitation 
of compounds containing hydrogen in these states. 

The following paper reports the first exploratory 
measurements in the EUV. For this experiment, a stan- 
dard hollow cathode discharge in hydrogen was employed 
to generate atomic hydrogen and to provide the energetic 
electrons. This papers presents the experimental results and 
compares it with theoretical considerations. 

A historical motivation to cause EUV emission from 
a hydrogen gas was that the spectrum of hydrogen was 
first recorded from the only known source, the Sun [13]. 
Developed sources that provide a suitable intensity arc 
high-voltage discharge and inductively coupled plasma 
generators [14]. An important variant of the later type of 
source is a tokomak [15]. Fujimoto et al [16] have deter- 
mined the cross section for production of excited hydrogen 
atoms firom the emission cross secticms for Lyman and 
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Balmcr lines when molecular hydrogen is dissociated into 
excited atoms by electron collisions. This data was used to 
develop a collisional-radiative model to be used in deter- 
mining the ratio of molecular-to-atomic hydrogen densities 
in lokomak plasmas. Their results indicate an excitation 
threshold of 1 7 eV for Lyman a emission. Addition of other 
gases would be expected to decrease the intensity of hydro- 
gen lines which could be absorbed by the gas. Hollander 
and Wertheimer [17] foimd that within a selected range of 
parameters of a plasma created in a microwave resonator 
cavity, a hydrogen-oxygen plasma displays an emission that 
resembles the absorption of molecular oxygen. Whereas, 
a helium-hydrogen plasma emits a very intense hydrogen 
Lyman a radiation at 12L5 nm which is up to 40 times 
more intense than other lines in the spectrum. The Lyman a 
emission intensity showed a significant deviation from that 
predicted by the model of Fujimoto et al. [16] and from the 
emission of hydrogen alone. 

It has been reported [1-6] that EUV emission of atomic 
and molecular hydrogen occurs in the gas phase at low 
temperatures (e.g. < ICP K) upon contact of atomic hydro- 
gen with certain vaporized elements or ions. Atomic hy- 
drogen was generated by dissociation at a tungsten filament 
and at a transition metal dissociator that was incandescent ly 
heated by the filament. Various elements or ions were made 
gaseous by heating to form a low vapor pressure (e.g. 1 
Torr). The Jtinetic energy of the thermal electrons at the 
experimental temperature of < 10^ K were about O.I eV, 
and the average collisional energies of electrons accelerated 
by the field of the filament were less than 1 eV. (No black- 
body emission was recorded for wavelengths shorter than 
400 nm.) Atoms or ions which ionize at integer multiples of 
the potential energy of atomic hydrogen (e.g. cesium, 
sium, strontium, and Rb''^) caused hydrogen EUV emii 
whereas, other chemically equivalent or similar a 
sodium, magnesium, holmium, and zinc metals) 
emission. Helium ions present in the experimj 
der and Wertheimer [17] ionize at a mul 
the potential energy of atomic hydrogen^ 
of EUV emission cannot be explainj 
chemistry of hydrogen, but it is 



predicted to form by reacting an ordinary hydrogen atom 
widi a catalyst having a net enthalpy of reaction of about 



'cntional 
ky' a solution 



[diative boundary 



or i&ns serve as catalysts 
produce an increased 
IJed a hydrino atom having 



of the Schrodinger equation 
constraint put forward by 

Mills predicts that ci 
to release energy fro^hyi 
binding energy h^dip^ft^ati 
a binding enerj 

Binding 



and p is an integer greater than 1, designated as H[a}ifp] 
where oh is the radius of the hydrogen atom. Hydrinos are 



m X 27.2 eV 



(3) 



where m is an integer. This catalysis releases energy from 
the hydrogen atom with a commensurate decrease in size of 
the hydrogen atom, r„ = nan. For example, the catalysis of 
Hin = 1 ) to Hirt = 1 /2) releases 40.8 eV, and the hydrogen 
radius decreases from an to ^ah- 

The excited energy states of atomic hydrogen are also 
given by Eq. ( I ) except that 



n= 1,2,3,. 



(4) 



The rt — 1 state is the "groxmd" state for "pure' 
transitions (the n = 1 state can absorb a photon and go to an 
excited electronic state, but it caimot release a photon and 
go to a lower-energy electronic state). 

However, an electron transition fr< 
a lower-energy state is possibl 
transfer such as multipole cou] 
mechanism. These lower-enj 
timi numbers, n = 1 /intj 



photons and that requiri 
pie, the exothermii 
does rot occur 
reaction re* 
the bond e^^g^^ 







round state to 
idiative energy 
tnant collision 
e firactional quan- 
that occur without 



are common. For exam- 
■tion ofH + H to form Hj 
lission of a photon. Rather, the 
with a third body, Af , to remove 
+ M [19]. The third 



body distriGf^^the energy from the exothermic reaction, 
f nd re^t is the H2 molecije and an increase in 
^ture of the system. Some commercial phosphors 
I nonradiative energy transfer involving multi- 
ple l^^ling. For example, the strong absorption strength 
^f^^+ ions along with the efficient nonradiative transfer 
rexcitation from Sb^ to Mn^"*^, are responsible for the 
strong manganese luminescence from phosphors containing 
these ions [20]. Similarly, the n — 1 state of hydrogen and 
the fl = 1 /integer states of hydrogen are nonradiative, but a 
transition between two nonradiative states is possible via a 
nonradiative energy transfer, say «= 1 to 1/2. In these cases, 
during the transition the electron couples to another electron 
transition, electron transfer reaction, or inelastic scattering 
reaction which can absorb the exact amount of energy that 
must be removed fixim the hydrogen atom. Thus, a catalyst 
provides a net positive enthalpy of reaction of m x 27.2 cV 
(i.e. it absorbs m x 27.2 eV where m is an integer). Cer- 
tain atoms or ions serve as catalysts which resonantly ac- 
cept energy from hydrogen atoms and release the energy to 
the surroundings to effect electronic transitions to fractional 
quantum energy levels given by Eqs. (I ) and (2). 



2. Inorganic catalysts 

A catalytic system is provided by the ionization of I 
electrons from an atom to a continuum energy level such 
that the sum of the ionization energies of the / electrons is 
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approximately m x 27.2 eV where m is an integer. One such 
catalytic system involves potassium. The first, second, and 
third ionization energies of potassium are 4.34066, 31.63, 
45.806 eV, respectively [21]. The triple ionization (/ = 3) 
reaction of K to K^"*^, then, has a net enthalpy of reaction of 
81.7426 eV, which is equivalent to m = 3 in Eq. (3): 



81.7426 eV+K(m) + l 



+ 3e- 



4-H + [iP+ 3)' - p'] X 13.6 eV, 



+ 3e~ ^ K(m) + 81.7426 eV 
and, the overall reaction is 



(5) 



(6) 



p^]x 13.6 eV. 

(7) 

Potassium ions can also provide a net enthalpy of a mul- 
tiple of that of the potential energy of the hydrogen atom. 
The second ionization energy of potassium is 31 .63 eV; and 
K"*" releases 4.34 eV when it is reduced to K. The combi- 
nation of reactions K"*" to K^"^ and K"^ to K, then, has a 
net enthalpy of reaction of 27.28 eV, which is equivalent to 
m = 1 in Eq. (3): 



resonance state, or ionized by the resonant energy transfer. 
The resonant transfer may occur in multiple stages. For ex- 
ample, a nonradiative transfer by multipole coupling may 
occur wherein the central field of the first increases by m, 
then the electron of the first drops m levels lower fi-om a 
radius of an/ p to a radius of an/ip + m) with further res- 
onant energy transfer. The energy transferred by multipole 
coupling may occur by a mechanism that is analogous to 
photon absorption involving an excitation to a virtual level. 
Or, the energy transferred by multipole coupling and during 
the electron transition of the first hydrino atom may occur 
by a mechanism that is analogous to two photon absorption 
involving a first excitation to a virtual level and a second 
excitation to a resonant or continuimi level [22-24]. The 
transition energy greater than the energy transferred to the 
second hydrino atom may appear as a photon in a vacuum 
medium. 

For example, the transition of H[o 
induced by a resonance transfer o^ 
with a metastable state excitcd^^ 
by 



m X 27.2 eV + H -^\ 



27.28 eV + K'' + K'' + 1 



► K+K' 



+H 



Oh 



Lower-energy hydroi 
alysts because each ol 
excitation, and ioiij 
27.2 eV (Eq. 
a first 
involves 
general 





eV(Eq.(3)) 
s represented 



(11) 



(12) 



U/' + l) 

K + K^"^ K-*- + K-" -h 27.28 eV 
The overall reaction is 



3. Hydrino catalysts 



hyiJf-moSf can act as cat- 
le excitation, resonance 
of a hydrino atom is in x 
ition reaction mechanism of 
fected by a second hydrino atom 
[upling between the atoms of m dc- 
each havmg 27.21 eV of potential cn- 
•gy transfer of m x 27.2 eV ft^om the first 
:o the second hydrino atom causes the cen- 
the first atom to increase by m and its electron 
levels lower from a radius of an/ p to z radius 
of an/ip + m). The second interacting lower-energy hy- 
drogen is either excited to a metastable state, excited to a 



(13) 

where p, p\ and m are integers and the asterisk represents 
an excited metastable state. 

The transition of H[flH/p] to }i[aH/{p + m)] mduced by a 
multipole resonance transfer of m x 27.2 1 eV (Eq. (3)) and a 
transfer of [(y)^-(/?'-m')^]x 13.6 cW-mxn2 eV with 
a resonance state of H[cH/(y - m')] excited in H[rtH//7'] is 
represented by 

"[7l-[7l-»[7^]-[7f^] 

+[{{p + mf-p')~ip'^~iP 



m'f}] X 13.6 cV, 
(14) 



where p, p', m, and m' are integers. 

5. /. Hydride ions 

A novel hydride ion having extraordinary chemical prop- 
erties given by Mills [1 8] is predicted to foim by the reaction 
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Table 1 

The ionization energy of the bydrino hydride ion U (n = \/p) as 
a fimdioo of p 



Hydride ion 


n 


Calculated 


Calculated 






ionization 


wavelength 






energy*' (cV) 


(A) 


//-(n = ]/2) 


0.9330 


3.047 


4070 


i/-(n = ]/3) 


0.6220 


6.610 


1880 




0.4665 


11.23 


1100 


H'{n = \/5) 


0.3732 


16.70 


742 


i/-(n = I/6) 


03110 


22.81 


544 



•From Eq. (17). 
»'FromEq.(16). 



of an electron with a hydrino (Eq. (15)). The resulting hy- 
dride ion is referred to as a hydrino hydride ion, designated 
asH-(l//7): 



A 4° grazing incidence spectrometer was attached to the 
BLP-souTx;e. At this shallow angle of incidence, a strong 
astigmatism stretches each point like a divergent light sowce 
at the entrance slit into a line in the focal plane. The spec- 
trometer was filled with hydrogen during operation via the 
BLP source. Due to differential pumping a pressure drop 
was established between the source and the spectrometer. 

The proper functioning of the spectrometer in the desired 
wavelengths range was demonstrated by using a known cap- 
illary discharge in high vacuum that emitted carbon and 
oxygen spectra of multiply ionized atoms down to 3.5 nm. 

Potassium iodide was used as a source of potassiimi. 
Based on its reported exceptional emission [1-4,6], potas- 
sium was a good choice for a catalyst according to Eqs. (5) 
-(7) to cause transitions in hydrogen to lower energy levels 
to form hydrino atoms. The hydrino atoms then also served 



-t-e 



as catalysts according to Eqs. ( 1 1 )-( 1 3)| 
hydride ions formed by the reaction of^ 
hydrino atoms. Compounds contag 
were observed by their charactej 
in the plasma discharge. 



The hydrino hydride ion is distinguished from an ordi- 
nary hydride ion having a binding energy of 0.8 eV. The 
latter is hereafter referred to as "ordinary hydride ion". The 
hydrino hydride ion is predicted [18] to comprise a hydro- 
gen nucleus and two indistinguishable electrons at a binding 
energy accordmg to the following formula: 

AVj(5+1) 



4. Methods 



'ti emission spectrum 



Binding energy = 



1 + 



From Eq. (17), the radius 
H~(l/p);/7 = integer is 1/, 
ion,H"(l/l). Thcpredi 
for the first five hydri^Tiyi 

INP Greifswald^ 
cathode plasm; 

request of ^a^^ight Bower, 
[25], This 
a fivc-^ 




id (14), Hydrino 
Jectrons with 
jno hydride ions 
when excited 



where ;? is an integer greater than one, j = 1/2, Ji is pi 
Planck's constant bar, /*o is the permeability of vaj^^, me 
is the mass of the electron, fit is the reduced elei 
ao is the Bohr radius, and e is the elemeni 
ionic radius is 

n ==^(1 + 7^7^1)), ' 



hydride ion 
ordinary hydride 
ig energies and ionic radii 
IS arc given in Table 1 . 
led spectra of a hollow 
range of 2.5-80 nm at the 
Inc. of Cranbury, NJ, USA 
called a BLP-source, consisted of 
aining a hollow cathode discharge tube 



omprising a reservoir for vaporizing KJ. 
; reservoir was closed, and the other open 
Sounted close to the exit of the hollow cathode. 
The S^of both cylindrical pieces, the hollow cathode and 
the heated reservoir, were arranged almost perpendicular to 
each other. 



nic and molecular hydrogen extreme ul- 
nissilfti spectrum was obtained by BlackLight 
Cranbury, NJ with a microwave discharge 
I an EUV spectrometer. The microwave gener- 
f)T ws^a Opthos model MPG-4M generator (Frequency: 
TmHz). The output power was set at 85 W. Hydrogen 
^ was flowed through a half-inch diameter quartz tube 
at 550 mToiT. The tube was fitted with an Opthos coaxial 
microwave cavity (Evenson cavity). The EUV spectrometer 
was a McPherson model 302 (Seya-Namioka type) nor- 
mal incidence monochromator. The monochromator slits 
was 30 X 30 jmi. A sodium sahcylate converter was used, 
and the emission was detected with a photomultiplier tube 
detector (Hamaraatsu R1527P). 



4.2. Capillary discharge 

A certain discharge type has become very important for 
a coitple of special applications. For example, in the field 
of radiation generation in the EUV or soft X-ray region 
the so-called capillary discharge is often used [26]. Sev- 
eral scientists have shown that it is possible to generate 
laser radiation at shorter wavelengths by means of a capil- 
lary discharge because fast capillary discharges wiih a large 
length-to-diameter ratio can generate highly ionized plas- 
mas. The field is quite advanced [27,28] to the point that 
Rocca [27] has developed a table top laser usmg the 46.9 
nm Argon line. 
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c 8 pacibr sheets 




Table 2 

Parameleis used in the capillary discbarge experiments 



iriggerpin 



Fig. J . Capillary discharge vessel. 



A high electric power is required to excite atoms to high 
electronic energy levels. Since a high-energy input into a 
device is unwanted, a technically convenient energy has to 
be delivered to a plasma in a short time. The capillary dis- 
charge described by Bogen et al. [26] has an electric current 
rise time and an emission time of the hydrogen like carbon 
VJJ line that is shorter than 50 ns. 

A cTOSS-sectional view of the capillary discharge sys- 
tem is shown in Fig. 1 . The capacitor, leads, capillary for 
plasma production, switch, and trigger were all integrated 
in a single unit in order to maintain a low inductance. The 
capacitor was a copper laminated plastic sheet with isola- 
tion gaps along the rim and in the center. A plastic dii 
with a plastic cylinder in the center provided addi 
high-voltage insulation. The plastic cylinder penettaj^ th 
capacitor and was encapsulated on each end by br^ piecj 
Hollow carbon electrodes were attached at eash of 
plastic cylmder by the brass pieces which 
trodes. The brass pieces were soldered 
inate of the capacitor. The plastic cj^ 
electrodes had a common borehol«Ji 

The plasma was observcd^^3l^^^one side. On the 
other side, a carbon tn^^i^^ro^ed a spark when a 
sharply rising potent^was^^fed between this trigger 
pin and one of the ca^n elwrodes. This spark triggered 
the discharge (|^^e c^fej^Sr. A plasma was formed in- 
side the plasti&cylin^r borehole which comprised the 
capillary. I^^kp^gg^^at) an electron temperature of up 
to 50 eftftBaj&ih^clectron density of up to 10^ particles 
per jjfejzH^rhe^irass pieces were connected to a vacuum 
^^tern^^iil^TTan pement permitted the end-on observa- 
tiSfey^^ generated spark. To avoid a pressure gradient, 
the side of the discharge as well as the spectro- 

graph side were evacuated by a pumping system shown 
in Fig, 1 . 



Discharge voltage V 


6-10 kV 


Discharge pressure p 


^ I0~^ mbar 


Capacitor capacitance C 


19 dF 


Capacitor inductance 7 


19 dH 


Thickness of the Makrolon foil h 


200 nm 


Number of single discharges n 


About 500 




4.3. System for EVV measurement of discharge 

In order to protect the electronic devices from destruction 
and to avoid disturbances while meastiring, the discharge 
source, the entire power supply, and the pumping system 
was placed in a grounded Faraday cage. The capacitor was 
charged via 1 Mfi resistor. The dischai^was driven by a 
power supply in a voltage range bety^mAand 1 0 kV. In 
addition, a second power supply wgj^^fio provide a very 
fast high-voltage pulse (4 kV v^f^^W*^ of 1 0 ns) to 
the trigger pin. This pulse proved a ^Strolled ignition of 
the capillary discharge. ^^^^^K^ 

For more convenien^peraragi, the EUV-spectrograph 
was located outsidw^^S^^^Sy cage. In a capillary dis- 
charge, a spectnu^^^M^feoby excitation of atoms of an 
evaporated ^^^^^Jat^al- Polyethylene (PE) or poly- 
acetal (P^a^^J^is^^ the present study. The discharge 
produced ^^rfw dust. Therefore, a special Makrolon foil 
(fXjb^arbonatS^th a thickness of about 200 nm that was 
Sp^fe[ to the soft X-ray and EUV region light of this 
I placed between the capillary discharge and the 
ograph to protect the grating. The spectrograph 
Ml' as the whole discharge vessel were connected with 
jjing system. The discharge was driven in vacuimi at 
a working pressure of I0~* mbar or less. For time-resolved 
measurements, the spectrograph was replaced by a fast photo 
multiplier that permitted examination of the temporal behav- 
ior of a single spark. Table 2 gives the main parameters of 
this experiment. The experimental setup is shown in Fig. 2, 

4.4. EW-spectrograph and photochemical detector 

The spectrometer was a LSP-VUV I-3S-M portable EUV 
grazing incidence spectrometer that used an olf Rowland cir- 
cle registration scheme wherein the diameter of tfic Rowland 
circle corresponded to the radius of curvature of the grating. 
In this study, the spectra were recorded in a single plane. 
Thus, the input slit was focused only for a single wave- 
length (center wavelength Xo)- The alignment to a different 
wavelength was produced by simply changing the distance 
between the focal plane and the grating. The spectra were 
detected using a special Russian EUV film. 

The grazing angle of incidence to the grating was rated 
by the manufacturer to be 4°. The width of the entrance 
slit was chosen to be 100 pm. The spectral resolution ^/AA 
was better than 100. The grating parameters are shown in 
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Faractay cage 

Fig, 2. Experimental setup for capillary discharge measurements. 



Table 3 

Grating parameters 




Fig^ 3. Cross sectional view of the LSP-Vl 
EUV grazing incidence spectrometer. 





Table 3. The cross sectional view <^&|^H^^spectroir 
is shown in Fig. 3. .^'^^^^^ 

4.5. Measurements wtf^^^t 



The main purpos| 
to demonstrate t 



capable of 
charge of a 
results 



£ u»of a capillary discharge was 
over which the system was 
2 EUV spectTTim of a capillary dis- 
jFapillary tube was obtained with the 
1 in Fig. 4 and in Table 4. The numbered 
^(wilh respect to Fig. 4) are assigned to the 
'avelengths and energy levels. For an appro- 
nt, it was necessary to calculate the transfor- 
matidlHJom the plane of registration to the Rowland circle 
using the specific dispersion function of the ^ting. Emis- 
sion could be observed down to 7 nm. 



sion of the BLP source (BlackLight Power, Inc., 
NJ) was investigated in the EUV and soft X-ray 
I'rhc plasma cell comprised a five-way stainless-steel 
The plasma was generated at a hollow cathode inside 
tlic dischairge cell. The hollow cathode was constructed of a 
stainless-steel rod inserted into a steel tube, and this assem- 
bly was inserted into an alumina tube. A flange opposite the 
end of the hollow cathode connected the spectrometer with 
the cell. It had a small hole that permitted radiation to pass 
to the spectrometer. In addition, a quartz tube positioned 
perpendicularly to the hollow cathode was attached to two 
copper high-voltage fecdthroughs by means of a tungsten 
filament. The quartz tube served as a catalyst reservoir when 
filled with Kl. 

The electrical copper fecdthroughs were connected to a 
power supply [U = 0-63 V, 7 = 0-40 A) to power the 
tungsten filament to heat the catalyst in the quartz tube. 
Some of the Kl was observed to vaporize when the filament 
glowed orange. Another power supply ( U = 0-20 kV, 7—0- 
30 mA) was connected to the hollow cathode to generate a 
discharge. A Swagelok adapter at the very end of the steel 
cross provided a gas inlet and a connection with the pumping 
system- A diagram of the BLP plasma source is given in 
Fig. 5. 

A high-speed shutter placed between the discharge cell 
and the spectrograph allowed for control of the detector 



f 
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^ 0.50 




192 290 
Wavelerygth [A) 

Fig. 4, Spectrum of a capillary discharge. 



Table 4 

Spectral lines of Fig. 4 with corresponding transitions and wavelengths 




Nurober 



Energy level 



Wavelength (A) 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 



O VII 
O VI 
O VI 
O VI 
O VI 
O VI 
CIV 
CIV 
CIV 
CIV 
CIV 



is26d 
-Is^Sd 
(22p~ls24d 
^Is22p-ls23p 
Is22p-ls23d 



96.1 
110 
30 
150 
173 
84 
245 
259 
289 
312 
384 




exposure time (see EUV-Spectrograpb and Photochemical 
Detector Section). The hollow cathode, shutter, and EUV 
spectrograph were aligned on a common optical axis using 
a laser. The ejcperimental setup for the BLP discharge mea- 
surements is illustrated in Fig. 6. 




Fig. 5. Cross sectional view of the BLP discharge cell. 



4. 7. Measurements on the BLP source 

The temperature of the tungsten filament which heated the 
quartz tube was determined by means of a special infrared 
camera system made by Jenoptic. The evaluation jdiotos 
showed that the filament had a temperature of at least 1000 
K, and the quartz tube was about 80 K colder. The temper- 
ature of 920 K was sufficient to melt and vaporize KJ in the 
pressure range of the experiment. 

The EUV emission spectrum of the BLP source was 
obtained dining a plasma discharge in hydrogen with and 
without KI catalyst. Manipulated experimental parameters 
included the pressure, the temperature and position of the 
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power suppV 




for heaGng 



Fig. 6. Experimental setup for the BLP discbarge measurements. 



catalyst reservoir, the discharge vohage and current, the 
time of exposure of the detector film system, the particular 
grating, and the center wavelength The main parameter 
changes and basic spectrographic findings, are presented. 

In order to make the wavelength assignments, all of the 
films were scanned, and the bitmap files were read out as 
shown in Fig. 4 for the case of the capillary discharge. The 
measured and calculated spectral lines were numbered fiT>m 
1 (inside order) to 23. Corre^nding lines of different films 
were assigned the same nimibcr based on the specific dis- 
tances between the grating and the plane of the film that wa^ 
a fimction of Ao. A first wavelength assignment was j 
formed by calculating the transformation from the plafl 
registration to the Rowland circle using the specifi 
sion fimction of the particular grating. 

A nirniber of experiments proved that Iji^NS 
the Lyman alpha line with a known wav^Ks^oO^^.? 
A. This wavelength was used to detei 
angle of mcidence. Thus, a slight ^ 
ment was detected ( A-^ = C 
tion was recalculated using t 
angle of grazing incidence on 



Hydrogen gas 
(Microwave discharge) 





mnental 
le experi- 
ion func- 
itally determined 



The stanJS^flf^ssin emission spectivmi (850 and 1750 
A) obt^^ ^a^B Bka microwave plasma of hydrogen with a 
standW^raabenng order used in this analysis is shown in 
. 7?^^ OT^uidard hydrogen spectrum was recorded by 
BTS^^i^ Power Inc. using a photomultiplier tube detec- 
tor. TwEUV emission lines fi^om hydrogei>-Kl plasmas 
produced by a hollow cathode discharge were recorded and 
identified on photographic films by INP Greifswald, Gcr- 



Fig. 7. Standard microwave discbarge emission spectrum of by- 
drogen (900- J 700 A ) recorded on tbe McPbersoD model 302 
(Seya-Namioka type) EUV spectrometer. 



many [25]. In order to make tbe wavelength assignments, 
all of the films were scanned, and the bitmap files were read 
out as shown in Figs. 8-12. Emission lines vs. scratches ctr 
other artifacts were determined firom the films, and the wave- 
length assignments were based on the bitmap files shown 
in Figs. 8-12. A summary of the vravelength assignments 
and wavelength assignments based on the corrected calcu- 
lated dispersion function are given in Table 5. Figs. 8-12 
shows the observed spectral lines that are numbered on the 
respective nmnbered films as given in Table 5. Spectra were 
observed in the range around 100 nm only when KJ was 
present; otherwise, no lines were observed on the films. In 
addition, the discharge current and a special positioning of 
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0 500 1000 1500 

Wavelength / a.u. 

Fig. 8. The intensity of the scanned film 24 and the identified spectral lines recorded on the LSP^ 
incidence speclrometcr. 



t 



in Fig. 1 1 is thj 
peak 3 sho^ 
trol since 
rather thai? 



^^^!yd^o atom; 






irtabJe EUV grazing 



Wavelength /A 

Fig. 9. The intensity of the scanned film 21 
spectral lines recorded on the LSP-VUV 
grazing incidence spectrometer. 




the sufficiently heated KI re^vc^^tlVc to the powered 
hollow cathode seem tobte^Msl.^e exact positions of 
the spectral lines weremS^M^ using the Lyman-alpha 
line of hydroge n as wrefer Jl:e- The spectra comprised 
narrow and wi(^ 

The wavejenft^ of fte standard hydrogen peaks and the 
experiment^^f^^bered 4-18 are given in Table 6. 
These ^teitt^tel peaks match closely the wavelengths 
and ^M^^onhe standard atomic and molecular hydro- 
pea^HWv^evcr, the identification of peaks 2 and 3 was 
pr^^iS:. It is known from the standard hydrogen spec- 
tnimmffthe most intense peak in the wavelength region 
between 102 and 105 nm is the hydrogen Lyman beta line 
located at 102.6 nm as shown in Fig. 7. If peak 2 shown 



fine, then the experimental 
1 1 are different firom the con- 
ic most intense peak in the region 
!!yman beta. Peak 3 could be assigned to 
1 ] .2 eV as given in Table 7. 
ges not assignable to potassium, iodine, or hydro- 
|bserved at 73.0, 132.6, 513.6, 677.8, 885.9, and 
The lines could be assigned to transitions of 
> atoms and the emission from the excitation of the 
ding hydrino hydride ions. The assignments are 
1 Table 7. 

t 73 A which appeared as an inside-order-line 
was reproducible and was probably real. But, it had to be 
questioned, because of the observation of bunching into the 
sagittal direction and interference patterns into the merid- 
ional direction. This Ime was produced by the grating and 
was not subject to reflections as were some "ghosts" ap- 
pearing as "absorption-lines" independently of the grating 
rulings. This "inside-order-line" vanished, when gratings 
with double or quadntple rulings were used. It cannot be 
excluded, that stimulated emission at this wavelength oc- 
curred from the hydrogen-KI plasma inside the hollow cath- 
ode or the area in front of it. Accordmg to the characteristics 
of the grating, the true wavelength could also be one-half, 
one- third, or less likely one-forth of 73 A . It must be 
regarded as belonging to the regular emission of EUV light 
of the BLP plasma source. 

By measming the distances between the spectral lines on 
the printed scans and comparing it to those on the films, 
the average error in the calculation of the assigned wave- 
lengths was determined to be about 30 A in the region above 
800 A - Line 12 was deteimmed to be the Lyman alpha 
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400 600 800 

Wavelength / a.u. 



1000 I200j 



Fig. 10. The inlcDsity of the scanned film 29 and the identified spectral lines recorded on the LSP-VUV 



incidence spectrometer. 



01 
_ 



if, 



te EUV grazing 




Fig. 1 1. The intensity of the scai 
incidence spectrometer. 



line of hydrogen {X 
ture of lines 3-15^ 
This line was 
of graring 
±3 A. 





680 



Wavelength / A 

'the identified spectral lines recorded on the LSP-VUV 1-3S-M portable EUV grazing 



l^^C^y comparing the stnic- 
)C l&wn spectrum of hydrogen. 

ilate the dispersion function 

m the corrected data was about 



TflS'^fsults suRJort that potassium atoms reacted with 
atomic hydrogen to form novel hydrogen energy states. 
Potassixmi iodide present m the discharge of hydrogen served 



as a source of potassium metal which was observed to col- 
lect on the walls of the cell during operation. Accordmg to 
Eqs. (5)-(7), potassium metal reacts with atomic hydro- 
gen present m the discharge and fotms the hydrino atom 
H[oh/4]. The energy released was expected to undergo m- 
temal conversion to increase the brightness of the plasma 
discharge since this is the common mechanism of relaxation. 
This is consistent with observation. 

The iH-oduct, H[oh/4] may serve as a catalyst to form 
H[£7h/5] according to Eqs. (n)-(13). The transirion of 
H[rtH/4] to H[oh/5] induced by a resonance transfer of 
27.21 cV, m~ \ in Eq. (3) with a metastable state excited 
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a 150 



23 



Waverength/A 



Fig. 12. The intensity of the scanned film 37 and the idcDtified 
spectral lines recorded on the LSP-VUV 1-3S-M portabJe EUV 
glazing incidence spectrometer. 



in H[aH/4] is represented by 
27.eV.H[f].H[2.]_„,[^] 

+212 eV + 95.2 eV, 



(18) 
(19) 

(20) 



The energy emitted by a hydrino which has nonradiatively 
transferred m x 27.2 eV of energy to a second hydiino may 
be emitted as a spectral line. Hydrinos may only accept 
energy by a nonradiative mechanism [18]; thus, rather than 
suppressing the emission through internal conversion they 
do not interact with the emitted radiation. The predicted 
95.2 eV (130.3 A) photon (peak # 19) shown in Fig. 9 is 
a close match with the observed 132.6 A Ime. In Fig. 9, 
an additional peak (peak #20) was observed at 885.9 A. It 
is proposed that peak #20 arises from inelastic hydrogen 
scattering of the metastable state H * [oh/4] formed by the 
resonant nonradiative energy transfer of 27.2 eV from a 
first H[oh/4) atom to a second as shown in Eq. (18). The 
metastable state then nonradiatively transfers part of the 
27.2 eV excitation energy to excite atomic hydrogen ini- 
tially in the state ls^S,/2 to the state 6h^Hn/2. This leaves 
a 13.98 eV (887.2 A) photon, peak 2q^e initial and fi 
nal states for all hydrogen species am 
determined by the selection rulg, 
gular momentum where the 1 
to — 0 and the initial and ^^1 stj 
atom catalysts correspoj 




In the case that the 95.: 
corresponds to 
conserved. The - 
drogen lines, 
hydrogen ^^efiMg i 



photons are 
ation of an- 
corresponds 
for the hydrino 
-2, respectively. 
3 A) photon (peak #19) 
angular momentum is 
lydrogen may then emit hy- 
-ed in Fig. 9. Thus, the inelastic 
le deexcitation of H * [oyi/4] may be 




73.0 
1021.0 
1032.9 
1095.8 
1114.4 
1143.7 
1162.1 
1176.5 
1181.3 
1186.0 
1204.8 
1215.7 
1230.8 
J 254.7 
1279.2 
1443.7 
1541.9 
1570.5 
132.6 
885.9 
513.6 
677.8 
1171.8 



Strong, L, 



Wide 
Wide 
Weak 
Weak 
Weak 
Weak 
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Table 6 

Experimental peaks that matched the control hydrogen spectrum 
and are assigned to atomic and molecular hydrogen peaks 



f CoJL IJUJfJLP^l 


Oontrol hydrogen 


Exf^erimental 

(A) 


2 


1025.4 


1021.0 


3 


1047.0 


— 


4 


1101.4 


1095.8 


5 


1116.2 


1114.4 


6 


] J44.8 


1 1 43.7 


7 


1160.6 


1162.1 


8 


1174.9 


1176.5 


9 


1188.4 


1181.3 


10 


1198.6 


1186-0 


n 


1205,8 


1204.8 


12 


1215.7 


1215.7 


13 


1229.6 


1230.8 


14 


1253.4 


1254-7 


15 


1277.8 


1279.2 


16 


1436.2 


1443.7 


17 


1577.9 


1541.9 


18 


1607.9 


1570.5 


23 


Same as peak 8 


1171.8 



represented by 

H* [^] (»i/ = 3) + H(n= l;/n, = 0)- 

H [^] {mr = -2) + H(n = 6;m, = 5) 

+13.98 eV(m^ = 0). (21) 

The product of the catalysis of atomic hydrogen witf 
potassium metal, H[flH/4] may serve as both a catalyslj 
a reactant to form H[oh/3] and H[aH/6] according t^ 
(14). The transition of H[rtH/4} to H[<7h/6] ind^^by a"^ 
multipole resonance transfer of 54.4 eV, m = 2 R Eq- ^ 
and a transfer of 40.8 eV with a resonance ^^^M] 
excited in H[flH/4] is represented by 

^ Xv. (22) 




close match 



The predicted 176.8 eV (70.2^ 
with the observed 73.0 A Vni 

The hydrinos are predi^^n^^^mlSydrino hydride ions, 
A novel inorganic hyt^Qe c^bp^md KHI which comprises 
high binding energyh^^de jBis was synthesized by reac- 
tion of atomic hw^enflfeSptassinm metal and potassium 
iodide [7]. Thftc-ra>^hotoelectron spectroscopy (XPS) 
spectrum oroM^^Rd from that of Kl by having ad- 
ditional^Q^W 9.1 and 11.1 eV. The XPS peaks cen- 
teredfe^9»^i?J I.l cV that do not correspond to any 
qg^er p^^i^lement peaks may correspond to the H~(n = 
l^^A eV hydride ion predicted by Mills [18] (Eq. 

(16)^rrwo different chemical environments where Et is 
the predicted vacuum binding encT;gy. In this case, the re- 
action to form H"(n = 1/4) is given by Eqs. (5)-(7) and 



(15). Hydrino hydride ions H"(n= 1/4), H~(n = 1/5), and 
H~(n = 1/6) corresponding to the corresponding hydrino 
atoms were anticipated. The predicted energy of emission 
due to these ions in the plasma discharge was anticipated to 
be higher than that given in Table 1 due to the formation 
of stable compounds such as KHI comprising these ions. 
Emission peaks which could not be assigned to hydrogen, 
potassium, or iodine were observed at 1032.9 A (12.0 eV), 
677.8 A ( 18.3 eV), and 513.6 A (24.1 eV). The binding en- 
ergies of hydrino hydride ions H~(« = 1/4), H~(n = 1/5), 
and H~(n = 1/6) corresponding to the corresponding hy- 
drino atoms are 11.23, 16.7, and 22-81 eV. The emissions 
were 1-2 eV higher than predicted which may be due to the 
presence of these ions in compounds with chemical envi- 
ronments different from that of vacuum. The excitation was 
due to the plasma electron bombardment Additional studies 
are in progress to collect the compound^brmed in the re- 
action chamber so that XPS may be p«^ 
spcctmm may be compared with t 



7. Conclusion 




and the XPS 



Lines which cou^^ to all of the hydrino tran- 

sitions and hydi^p ^ p^jge ions possible in the spectral 
range of 2.5-^|KL^fiirtmg with a potassium catalyst (Eqs. 
(5)_(7)) ^8e]R>s3^^. Intense EUV emission was ob- 
served fron^lgmic hydrogen in the presence of potassixmi 
wh icfe^n izcs^integer multiples of the potential energy 
hydrogen (Eq. (3)). The release of energy from 
is evidenced by the EUV emission must result 
?-encrgy state of hydrogen. The data supports that 
feium metal reacts with atomic hydrogen present in the 
Charge and forms the hydrino atom H[oh/4]. The en- 
ergy released imdergoes internal coTtversion to increase the 
brightoess of the plasma discharge. The product, H[oh/4] 
serves as both a catalyst and a reactant 1o form H[flH/5] 
with a 132.6 A and 885.9 A emission and H[aH/6] with a 
73.0 A emission according to Eqs. (1 8)-(21 ) and (22), re- 
spectively. Hydrino hydride ions H"(/i= 1/4), H~(rt-l/5), 
and H~(n = 1/6) corresponding to the hydrino atoms of 
the same quantum state were formed in the plasma as ev- 
idenced by the emissions at 513.6, 677.8, and 1032.9 A, 
respectively. The emissions were 1-2 eV higher than pre- 
dicted which may be due to the presetKC of these ions in 
compounds with chemical environments different from that 
of vacuum. Novel compounds containing hydrino hydride 
ions have been isolated as products of the reaction of atomic 
hydrogen with potassium atoms and ions [6-12] identified 
as catalysts m a recent EUV study [1-4], The formation of 
novel compounds based on hydrino atoms is substantial ev- 
idence supporting catalysis of hydrogen as the mechanism 
of the observed EUV emission. 

J. J. Balmer showed in 1885 thai the frequencies for some 
of the lines observed in the emission spectrum of atomic 
hydrogen could be expressed with a completely empirical 
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Table 7 

Observed emission data from hydrogen-Kl plasi 
hydrogen 


nas produced by 


a hollow calDOoe oiscbajgc that csnnot dc a 


sstgned to atomic or molecular 


Peak 


# 


Observed 




Peak assignmeni 


Predicted 




Wavelength 

(A) 


Energy 
(eV) 


Energy 
(eV) 


Wavelength 

(A) 




(isside) 


73.0 


J 69.9 


j/4 _» 1/6 H transition* 


176.8 


70-2 


3 


(#30) 


J 032.9 


J 2.0 


H-(I/4)''''= 


11.23 


1104 


19 


(#28) 


132.6 


93.5 


I/4-* 1/5 H transition** 


95.2 


J 30.3 


20 


(#28) 


885.9 


14.0 


Inelastic H scattering of H * [^Y 


13-98 


887-2 


21 


(#30) 


513.6 


24.15 


H-(l/6)* 


22.8 


543 


22 


(#30) 


677.8 


18.30 




16-7 


742 



*TjaDsition induced by a resonance state excited in H[oh/4] 

"It]+"It]-"It1-"[t1 + "'-«'^ 



has a peak at 1034.66 A , [31] but none of the oiher iodine lines were detected including much stronger linS 
^The hydride ion emission is anticipated to be shift to shorter wavelengths due to its presence in a chemijj 
•"Transition induced by a metastable state excited in li[an/4] 



„,,v + h[^]+h[21]-. 



L 4 - 



+ 95JZ eV + 27.2 eV. 



+ 27.2 eV + 95.2 eV, 



where /i= 109,677 cra~ 
and m > n/. 

Niels Bohr, m 1913 
drogen that gave cner^ 
equation. An ; 
ent theory for^e hy^ 
Schrodingel 





'Hydrogen inelastic scattered peak of H * [oh/^] deexcitation 
H * [^] + H(n = l;7n^ = 0) -> H [^] + H(n = 6;m/ = 



relationship. This approach was later extended b; 
dbcrg, who showed that all of the spectral 
hydrogen were given by the equation 



nf = 2,3,4,.... 

theory for atomic hy- 
agrecment with Rydberg's 
based on a totally diffcr- 
gen atom, was developed by E. 
lently by W. Heisenberg, in 1926: 



(24a) 
(24b) 

is the Bohr radius for the hydrogen atom 
(52.947 pm), e is the magnitude of the charge of the elec- 
tron, and Eo is the vacuum pcimittivity. The EUV emission 



of atomic hydrogen with a source of potassium indicates 
that Eq. (24b), should be replaced by Eq. (24c), 



(24c) 



A number of independent experimental observations also 
lead to the conchision that atomic hydrogen can exist in 
fractional quantum states that are at lower energies than the 
traditional "groimd" (n =1) state. The detection of atomic 
hydrogen in fractional quantum energy levels below the tra- 
ditional "ground" state — hydrinos — was reported [1 8,30] 
by the assignment of soft X-ray emissions from the inter- 
stellar medium, the Sim, and stellar flares, and by assign- 
ment of certain lines obtained by the far-infrared absolute 
spectrometer (FIRAS) on the Cosmic Background Explorer. 
The assigned hydrogen transition reactions were similar to 
those shown in Table 7. The detection of a new molecular 
species — the diatomic hydrino molecule — was reported 
by the assi^ment of certain infimed line emissions from the 
Sun. The detection of a new hydride species — hydrino hy- 
dride ion — was reported by the assignment of certain soft 
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X-ray, ultraviolet (UV), and visible emissions from the Sun. 
This has implications for several unresolved astrophysical 
problems such as the Solar neutrino paradox and the iden- 
tity of dark matter. The present study also has the important 
technological implications of the discovery of a new energy 
source and a new field of hydrogen chemistry. 



Acknowledgements 

Special thanks to J. Conrads, S. Goetzc, J. Schwartz, and 
H. Lange for performing the experiments and for identifying 
spectral lines to be assigned, to Ying Lu for reviewing the 
data and making the assignments to known transitions where 
possible, and J. Conrads for reviewing this manuscript and 
providing helpful comments. 



References 

[J] Mills R, Dong J, Lu Y. Observation of extreme ultraviolet 
hydrogen emission Irom incandesccDtly heated bydrogen 
gas with certain catalysts. 1999 Pacific Conference on 
Chemistry and Spectroscopy and the 35th ACS Western 
Regional Meeting, Ontario Convention Center, California, 
October 6-8, 1999. 

[2] Mills R, Dong J, Lu Y. Observation of extreme ultraviolei 
hydrogen emission from incandescently heated hydrogen 
gas with certain catalysts. Int J Hydrogen Energy 2000;25: 
919-43. 

[3] Mills R. Temporal behavior of light-emission in the visible 
spectral range from a Ti-K2C03-H-Cell- Int J Hydrogen 
Energy, in press. 
[4] Mills R, Lu Y, Onuma T. Formation of a hydrogen 
plasma from an incandescently heated hydrogcn-potassi 
gas mixture and plasma decay upon removal of heater 
Int J Hydrogen Energy, in press. 
[5] Mills R, Nansteel M, Lu Y. Observation of cxtrei 
hydrogen emission from incandescently heatej^h; 
with strontium that produced an anomalous^ 
power balance. Int J Hydrogen Energy, 
[6] Mills R, Dbandapani B, Greenig K|g^j^mjffl Lu Y, 
Conrads H. Formation of an eo^KriJaria^y and novel 
hydrides from incandcscentl^Jj^w^ny^^cn gas with 
certain catalysts, June ACSJ^^^»Northeast Regional 
Meeting, University of Com^W^ns, CT, June 18-2 J, 
2000. 

B,^^^e^ N, He J. Synthesis and 
iodo hydride. Int J Hydrogen 




[7) Mills R, Dhandi 
characterization _of 
Energy, in 

[81 Mills R. NJ 
2000-,2: ' 



lie hydride. Int J Hydrogen Energy 



[9] Mills R. Novel hydrogen compounds from a potassium 
carbonate electrolytic cell. Fusion Technol 2000;37{2):157- 

82. 

[10] Mills R, He J, Dbandapani B. Novel hydrogen compounds. 

1 999 Pacific Conference on Chemistry and Spectroscopy and 

the 35th ACS Western Regional Meeting, Ontario Convention 

Center, California, October 6-8, 1999. 
[11] Mills R, Dbandapani B, Nansteel M, He L Synthesis and 

characterizalioD of novel hydride compounds. Int J Hydrogen 

Energy, in press. 
[12] Mills R. Highly stable novel inorganic hydrides. J Mater Res,, 

submitted for publication. 
[13] Phillips JH. Guide to the sun, Cambridge, Great Britain: 

Cambridge University Press, 1992, p. 16-20. 
[14] Sampson JAR. Techniques of vacuum ultraviolet 

spectroscopy- Pied Publications, 1980. p. 94-179, 
[ 1 5] Sci News, ] 2/6/97, p. 366. 

[16]Fujimoto T, Sawada K, Takahata ^g. J AppI Phys 

]989;66(6):2315-9. 
[17] Hollander A, Wertbeimer MR. J^fea^ci Technol A 

]994;]2(3):879-82. 
[18] Mills R. The grand unified, 
mechanics, January 2000 Edi 
Cianbury, New 
[19] Sidgwick NV. The cl 
vol. 1. Oxford: 



[20] Lamb MD. 




^cal quantum 
,ight Power, Inc., 
.mazon.com. 
lents and their compounds, 
1950. p. 17. 

:opy. London: Academic 



It of chemistry and physics, 79th ed. 
, 1998-9. p. 10-175-7. 
Handbook of nonlinear optics. New York: 
^, Inc.. 1996. p. 497-548. 
The principles of nonlinear optics. New York: 
i^ilejl984. p. 203-10. 

Suvoir B, Nez F, Julien L, Cagnac B, Biraben F, Touahri 
^,'Hilico L, Acef 0, Qairon A, Zondy JJ. Phys Rev Lett 
^1997;78(3):440-3. 
55] Conrads JPF, Goetze S, Schwartz J, Lange H. Investigation 
of hydrogen-KI plasmas produced by a hollow cathode 
discharge. December 18, 1998, Institut fur Niedcrtemperatur- 
Plasmaphysik e.V., Friedrich-Ludwig-Jabn-Strasse 19, 17489 
Greifswald, Germany. 
[26] Bogen P, Conrads H, Gatti G, Kohlhaas W. JOSA 

1968;58(3);203-6. 
[27] Rocca JJ, Maiconi MC, Tomasel FG. J Quant Electron 
J 983:29:180. 

[28] Kunze HJ, Koshelev KN, Steden C, Uskov D, Wiesebrink 

HT. Phys Rev A 1993;! 93: 183. 
[29] Conrads JPF Instihit far Niedcrtcmperatur-Plasmaphysik e.V., 

personal communication. 
[30] Mills R. The hydrogen atom revisited. Int J Hydrogen Energy, 

in press. 

[31] NIST Atomic Spectra Database, www.physics.nist.gov/ 
cgibin/AtData/di^lay Jcsh. 




HE 1144 



PERGAMON 



International Journal of Hydrogen Energy 000 (2000) 00(M)00 



Hemationa) Journal of 

HYDROGEN 
ENERGY 

www.elsevicr.com/Iocate/ijhydeDe 



Temporal behavior of light-emission in the visible spectral 
range from a Ti-K2C03-H cell 

RandellL. Mills* 

Black Light Power. Inc., 493 Old Trenton Road, Cranbury. NJ 08512. USA 



Abstract 

We report the generation of a hydrogen plasma and extreme ultraviolet emission as recorded^a IBtaySPogen Balmcr 
emission in the visible range. Typically, a hydrogen plasma is generated and the emission^gt%e uj^violet light from 
hydrogen gas is achieved via a discharge at high voltage, a high-power inductively 
heated to extreme temperatures by RF coupling (e.g. > lO*" K) v^ith confinement provi 
observed plasma formed at low temperatures (e.g. « 1 0^ K ) from atomic hydrogen 
a titanium, dissociator coated with potassium carbonate. The temporal behavior 
Balmer a line emission when all power into the cell was terminated. A 2 s deca; 
of the electric field to zero. The persistence of emission following the remov^f 
novel chemical power source is present that forms an energetic plasma in hyd; 
the control sodium carbonate. © 2000 International Association 
All rights reserved. 




variant of the later type of soi 
et al. [4] have determined 
of excited hydrogen at< 
for Lyman and Balm( 
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data was used ti 
be used in di 
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»lasma created and 
iidal magnetic field. The 

;sten filament that heated 

la was recorded via hydrogen 
was observed after a fast decay 
power to the cell indicates that a 
TNo ujiusual behavior was observed vnth 
•gy. Published by Elsevier Science Ltd. 



]. Introduction 

A historical motivation to cause extreme 
(EirV) emission from a hydrogen gas 
trum of hydrogen was first recorded from 
source, the Sun [1]. Developed ~ 
able intensity are high-vohage disci 
inductively coupled plasma 



lown 
suit- 
I, and 
important 
c [3]. Fujimoto 
I for production 
nission cross sections 
len molecular hydrogen is 

'y electron collisions. This 

a collisionaWadiative model to 
ratio of molecular- to-atomic hy- 
!omak plasmas. Their results indicate 
lold of 17 eV for Lyman a emission, 
gases would be expected to decrease the 
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imwisity of hydrogen lines which could be absorbed by 
; gas. Hollander and Wertheimcr [5] found that within a 
selected range of parameters of a plasma created in a mi- 
crowave resonator cavity, a hydrogen-oxygen plasma dis- 
plays an emission that resembles the absorption of molecular 
oxygen. Whereas, a helium-hydrogen plasma emits a very 
intense hydrogen Lyman a radiation at 121.5 nm which is 
up to 40 times more intense than other Imes in the spec- 
trum. The Lyman a emission intensity showed a significant 
deviation from that predicted by the model of Fujimoto 
et al. [4] and from the emission of hydrogen alone. 

We report that a hydrogen plasma is formed at low tem- 
peratures (e.g. w ICP K) by reaction of atomic hydrogen 
with potassium atoms, but not with sodium atoms. Atomic 
hydrogen was generated by dissociation at a tungsten fila- 
ment and at a transition metal dissociator that was incan- 
descently heated by the filament Potassium metal formed 
by thermal decomposition of K2CO3 and by reaction with 
hydrogen. Potassium atoms were vaporized by heating 
to form a low vapor pressure (e.g. 1 Torr). The ki- 
netic energy of the thermal electrons at the experimental 
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temperature of 10^ K were aboirt 0.1 eV, and the aver- 
age collisiona] energies of electrons accelerated by the field 
of the filament were less than 1 eV. (No blackbody emis- 
sion was recorded for wavelengths shorter than 400 nm.) 
Potassium atoms ionize at integer multiples of the poten- 
tial energy of atomic hydrogen and caused hydrogen EUV 
emission; whereas, the chemically equivalent atom, sodium, 
caused no emission. Helium ions present in the experiment 
of Hollander and Werthenner [5] ionize at a multiple of 
two times the potential energy of atomic hydrogen. The 
mechanism of EUV emission cannot be explained by the 
conventional chemistry of hydrogen, but it is predicted by a 
solution of the wave equation with a nonradiative boundary 
constraint put forward by Mills [6]. 

Mills predicts that certain atoms or ions serve as catalysts 
to release energy from hydrogen to produce an increased 
binding energy hydrogen atom called a hydrino atom having 
a binding energy of 

Bmding Energy = — — — , ( 1 ) 



(2) 



where 

111 1 

2 3'4 p 

and p is an integer greater than 1, designated as H[an/p] 
with cth being the radius of the hydrogen atom. Hydrinos 
are predicted to form by reacting an ordinary hydrogen atom 
with a catalyst having a net enthalpy of reaction of about 

m-27.2eV, (3) 

where m is an integer. This catalysis releases energy Irom 
the hydrogen atom with a commensurate decrease in size of 
the hydrogen atom, r„ = nan. For example, the catalysis of 
H(n = 1 ) to H(fl = 1/2) releases 40.8 eV, and the hydroger^ 
radius decreases from onto ^on. 

The excited energy states of atomic hydrogen ; 
given by Eq. (1 ) except that 

n= 1,2,3,.... 

The n ~ 1 state is the "ground" state fof^^T^oton 
transitions (the n = 1 state can absorb j^^/y^^f^ to an 
excited electrom'c state, but it cann<^K^^^^pnotan and 
go to a lower-energy electronic s|^fi^nKfever, an electron 
transition firom the ground "faffi'y'fewCT-cneTgy state is 
possible by a nonradiativ^s^^^^nsnS- such as multipole 
coupling or a resor^p^^Us^ mechanism. These 
lower-energy stat cs_ h fte fr^ional quantum numbers, 
n =s I /integer. Pro^^fts tMSSrcur without photons and that 
require collisionSare e^imon. For example, the exother- 
mic chemic^ll^^g^f H + H to form H2 does not 
ision of a photon. Rather, the reaction 
with a third body, M, to remove the 
I -H M Hi + M* [7]. The thbd body 
he energy from the exothermic reaction, and 
ult is the H3 molecule and an increase in the 
temperature of the system. Some commercial phosphors 




are based on nonradiative energy transfer involving multi- 
pole coupling. For example, the strong absorption strength 
of Sb^"*^ ions along with the efiicient nonradiative transfer 
of excitation from Sb^ to Mn^"^, are responsible for the 
strong manganese luminescence from phosphors containing 
these ions [8]. Similarly, the n = 1 state of hydrogen and 
the n = 1 /integer states of hydrogen are nonradiative, but a 
transition between two nonradiative states is possible via a 
nonradiative energy transfer, say n = I-5. In these cases, 
during the transition the electron couples to another electron 
transition, electron transfer reaction, or inelastic scattering 
reaction which can absorb the exact amount of energy 
that must be removed from the hydrogen atom. Thxis, a 
catalyst provides a net positive enthalpy of reaction of 
m-27.2 eV (i.e. it absorbs m-27.2 eV where m is an integer). 
Certain atoms or ions serve as catalysts which resonantly 
accept energy from hydrogen atoms and release the en- 
ergy to the surroundings to eflect electric transitions to 
fractional quantum energy levels. ^LJ^ 

The catalysis of hydrogen involvcsJjbff^apdiative trans- 
fer of energy from atomic hydro^Pto^^tS^St which may 
then release the transferred encr^Jy i^ative and nonra- 
diative mechanisms. As a^^fiSsfeM^H^fthe nonradiative 
energy transfer, the hydrTOcn atma becomes unstable and 
emits fxirther energv^gl^r^^^p'es a lower-energy non- 
radiative state ha>^ga^^^renergy level given by Eqs. 

The ener,d^^fe|s^^ring catalysis may undergo inter- 
nal conversi^a^m ionize or excite molecular and atomic 
hydrog^result^ in hydrogen emission which includes 
^erized ultraviolet lines such as the Lyman series 
_lle Balmer scries. Balmer emission was sought 
^'spectroscopy. The existence of Balmer emission 
'that Lyman emission is also generated- This con- 
Tthat a hydrogen plasma exists. The temporal behavior 
oT the light emission in the visible range was recorded when 
^ all of the power into the cell was removed. The persistence 
of visible emission when the field was zero was a means 
to determine whether the plasma was due to the externally 
applied power or whether a novel chemical source of power 
that required potassium and hydrogen was responsible. 



2. Experimmtal 

INP Greifswald, Gcmnany recorded the temporal behav- 
ior of light-emission m the visible spectral range from a 
Ti-KjCCb-H cell at the request of Black Light Power, Inc. 
of Cranbury, NJ, USA [9). The quartz cell in the exper- 
imental set up, shown in Fig. 1, was provided by Black 
Light Power, Inc. Cranbury, NJ, USA. It comprised a quartz 
cell which was 500 mm in length and 50 mm in diameter. 
Two ports for gas inlet and outlet were on the end of the 
cell. A tungsten filament (0.5 mm, total resistance ~ 2.5 fi) 
and a titanium or nickel cylindrical screen (3(X) mm long 
and 40 mm in diameter) that perfonncd as a hydrogen 
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Fig. I . Experimental setup for observing the UV/Vis spectrom and 
temporal behavior of light emission from a Ti-K2C03-H cell. 

dissociatoT were inside the quartz cell. The iilament was 
0.508 mm in diameter and 800 cm in length. The filament 
was coiled on a grooved ceramic support to maintain its 
shape when heated. The return lead ran through the middle 
of the ceramic support. The titanium screen was electrically 
floated. The power applied to the filament was 300 W and 
was supplied by a Sorcnsen 80-13 power supply which was 
controlled by a constant power controller. The voltage across 
the filament was about 55 V and the current was about 5.5 A 
at 300 W. The temperature of the tungsten filament was esti- 
mated to be in the range of 1 100-1 500^*0. The external cell 
wall temperature was about 700" C. The hydrogen gas pres- 
sure inside the cell was maintained at about 500 mTorr. The 
entire quartz cell was enclosed inside an insulation package 
comprised of Zircar AL-30 insulation. Several K-type 
thermocouples were placed in the insulation to measure key 
temperatures of the cell and insulation. The tbermocoupleSj 
were read with a multichannel computer data acqutsijj 
system. 

In the present study, the light-emission phei 
studied for potassium carbonate and sodium caii 
inorganic test materials were coated on a 1 
dissociator by the method of wet impregna^^^^h^s the 
screen was coated by dippmg it m a^^MTfegK/10% 
H2O2 or 0.6 M NajCOj/lOy* H2eC^P%&CTy stall roe 
material was dried on the surfao^i^li^ng lor 12 h in a 
drying oven at }30°C. A new,^^^fo|^^ used for each 
experiment. The alkali carbg^^ffi th?screen were heated 
by the tungsten filament^ tlr^w^ hydrogen to form the 
corresponding alkalMn^Uwhip vaporized. 

The light en^^n^felS^ntroduced to a UV/Vis 
monochromator ftr spedftal measurement. The wavelength 
region cover^^^^g^onochromator was 380-720 imi. 
The UV;@8 ^SfelP " (380-720 ran) of the cell emission 
was r^i^^^wim a photomultiplier tube (PMT) and a 
yWtc scintillator, 
is emission from the gas cell was charaieled 
/Vis spectrometer using a fiber optic cable. The 
observation of the plasma in the cell was "side-on". The 



gap between the hot quartz wall of the cell and the glass 
cable was bridged by a quartz rod. The room was made 
dark. The other end of the fiber optic cable was fixed m an 
aperture manifold that attached to the entrance aperture of 
. the UV/Vis spectrometer. 

In order to study the temporal behavior of the cell, the 
current of the heater was interrupted by a commercial opener 
with an opening time of under 2 ra which set the voltage to 
zero. The emission was filtered with an interference filter for 
the hydrogen Balmer alpha line (Model # = 652 ran; 
FWHM = 7 nm). The filtered emission was detected by a 
photomultiplier and recorded by a storing scope. 



3. Results 

Fig. 2 shows a spectrum recorded of a plasma that 
formed in the cell containing K2CO3. Thermic hydrogen 



Balmer series was observed such as 
Balmer ^ at 486 nm, and Balmer 
hydrogen emission was also ob; 
band in the region 580-650 nm 
The light-emission occurrj 
sium metal was noted b; 
walls of the top of 
of the filament 
10 min.The li, 
temperature 




at 656 nm, 
. Molecular 
the Fulcher 
potassium lines, 
lation of potas- 
ition of a mirror on the 
icurred after the power 
above 300 W for about 
for a period depending on the 
level), and quantity of K2CO3 



deposited oii^bPitanium dissociator in the cell. Higher po- 
wer ^tadd caui^^igher temperature and higher emission 
It a shorter duration of emission was observed 
because the potassium metal formed and mi- 
the cell more quickly imdcr these conditions, 
lission lasted fi-om 20 min to 6 h depending on how 
K2CO3 was initially present in the cell and the power 
level which corresponded to the cell temperature. 

The dissociator was present in all experiments. Spec- 
tra were recorded under identical conditions wherein (1) 
K2CO3 was present without hydrogen, (2) only hydrogen 
was present, (3) K2CO3 was present and hydrogen was 
absent, and (4) Na2C03 replaced K2CO3 and hydrogen was 
present In these cases, only the blackbody radiation of the 
filament was observed. 

The temporal behavior of the plasma was studied fol- 
lowing the interruption and restcration of the power. Only 
the cell containing K2CO3 with hydrogen was studied smce 
this was the only case in which a plasma was formed. The 
monochromator was adjusted to the range around 670 ran, a 
part of the spectrum where no line radiation was observed, 
and the blackbody radiation from the heater was significant. 
It took about 1 0 min, before plasma was observed in the cell. 
Then, the heater cunent was interrupted several times. The 
recorded radiation decayed vnih a time constant of about 2 s. 

Next, the hydrogen Balmer a line was selected using an 
interference fiher at a wavelength of 652 nm with a 
fiill-width at half-maximum of 7 nm. It was determined 



HE 1144 



KL Mills I International Journal of Hydrogen Energy 000 (2000) OOO-OOO 



2000 



1500- 



I 



1000 



500 - 




400 



450 



500 550 600 

Wavelength /nm 



650 



Fig- 2. A UV/Vis spectnim (380-720 nm) recorded of a plasma that fonncd in the cell containing 1 
0.00 




700 




^^Sfethc Balmer a line was 
^the signal from the black- 
itCT current was intcmipted 
sufficient spacing between the 
line emission always returned to 
leemission of the cell as a function of 
power was turned off and on is shown 
jg, j^uig^gnal is displayed as negative. It returns to 
basmne asB function of time with inlemiption, and the op- 
posite^^rors with a longer time constant upon restoration 
of the heater power. The time constant of the decay of the 



Fig. 3. The photomultiplier signal of tl 
was switched off and on. 



that the amplitude of 
orders of magnitud^Jiii 
body light of the^ 
again several tii 
interruptions; 
its prcvii 
time A^Ji^^gJii 



Time/s 

a line displayed as a negative signal as a function of time while the heater power 




hydrogen plasma following interruption of the heater power 
may be determined from the signal as a function of time 
which appears in Fig. 4. The time constant of the signal 
intensity change was about 2 s. The thermal decay of the 
filament was observed to have the same time constant. 



4. Discussion 

In the cases where plasma was observed, no possible 
chemical reactions of the tungsten filament, the titaniimj 
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Fig. 4. The photomultiplier signal of the hydrogen Balmer a line displayed as a negative signal as a function o^ 
was switched off. 



dissociator, potassium carbonate, and 300 mToir hydro- 
gen at a cell temperature of 700°C could be found which 
accounted for the plasma. In fact, no known chemical 
reaction releases enough energy to form a hydrogen plasma, 
and the reduction of K2CO3 by hydrogen is very en- 
dothermic. The dissociator was present in all experiments. 
The emission was not observed with the cell alone, with 
hydrogen alone, K2CO3 alone, or under identical condi- 
tions wherein Na2C03 replaced K2CO3. No emission was 
observed until the cell temperature increased to a level 
that potassium metal was observed to form. Hydrogen line 
emission was occurring even though the voltage t^^JJ^JJ^"^ 
the heater wires was set to and measured to be zero, 
results indicate that the emission was due to a re. 
atomic hydrogen with potassium atoms, 

According to Mills [6], a catalytic system 
the ionization of t electrons from an atomAatfCnQpuum 
energy level such that the sum of 
of the t electrons is approximately 
an integer. One such catalyti 
The first, second, and third ioi 
are 4.34066, 31.63, and 45j£ 
triple ionization (/ = 3 ) 
enthalpy of reaction of® .742 
m = 3 in Eq. (3): 





en iin^^^ 
stweg^ 
Tjg s^^ 

sa^rew of 





heater power 



And, the overall reaction 



3f-p^]Xn.6 eV. 



(7) 



lergies 
m is 
potassium. 
)f potassium 
ively [10]. The 
,*to K^"*^, then, has a net 
which is equivalent to 



81.7426 e^ 



+ 3e- 



+ [(;? + 3)' -/pri3.6 eV, 



+ 3e- K(m) + 81.7426 eV. 



(5) 



(6) 



No such reacti^^s possiTjle for sodium. 

powCT was interrupted, the hydrogen line emis- 
latchcd the thermal decay of the filament. It may 
to chemical reactions because typically their 
Jependent on the temperature. Candidate chemical 
are the hydrogen catalysis reaction, the dissocia- 
.^.^ molecular hydrogen to atomic hydrogen, and the for- 
mation of potassium metal catalyst (Atomic hydrogen and 
catalysts are required as reactants for hydrogen catalysis as 
given by Eqs. (5)-(7)). 

Other studies support the possibility of a novel catalytic 
reaction of atomic hydrogen. It has been reported that intense 
EUV emission was observed at low temperatures (e.g. « 
1 0'' K) fi-om atomic hydrogen and certain atomized elements 
or certain gaseous ions which ionize at integer multiples of 
the potential energy of atomic hydrogen, 27.2 cV [1 1-16]. 



5. Conclusions 

Line radiation from hydrogen emitted by the cell loaded 
with K2CO3 on titanium and operated in hydrogen requires a 
minimum temperature. The heat from the filament and pos- 
sibly the weak dipole field fix>m the filament may sustain 
the hydrogen plasma; but, it is not essential because hydro- 
gen lines are emitted during times when this voltage is set 
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The emission from a plasma was observed at low 
temperatures (e,g. fw lO' K) from atomic hydrogen and 
potassium atoms which ionize at integer multiples of the 
potential energy of atomic hydrogen. The release of energy 
from hydrogen was evidenced by the hydrogen Balmer emis- 
sion which identifies EUV emission and the presence of a 
hydrogen plasma. The persistence of emission following 
the removal of all of the power to the cell indicates that 
novel chemical power source is present 

Novel compounds contaming hydrino hydride ions have 
been isolated as products of the reaction of atomic hydrogen 
writh potassium atoms and ions [1 7-23] identified as catalysts 
in a recent EUV studies [11-16]. The formation of novel 
compounds based on hydrino atoms is substantial evidence 
supporting catalysis of hydrogen as the mechanism of the 
observed EUV emission. The implications are that a vast 
new energy source and a new field of hydrogen chemistry 
have been discovered. 
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Abstract 

We report the generation of a plasma of hydrogen and certain alkali ions as recorded via 
Balmer and alkali line emissions in the visible range. Typically, a hydrogen plasma is genj 
ultraviolet light from hydrogen gas is achieved via a discharge at high voltage, a high po^ 
plasma created and heated to extreme temperatures by RF coupling (e.g. > 10^ 
magnetic field. The observed plasma formed at low temperatures (e.g. w lO' K) 
filament that heated a titanium dissociator and a catalyst comprising one of pol 
and nitrates. These atoms and ions ionize to provide a catalyst with a net 
potential energy of atomic hydrogen {m x 27.2 eV m = integer) to within 0.1 



case of a potassium or rubidium ion. Whereas, the chemically similar 
nitrates which do not ionize with these constraints caused no eroij 
weak electric field of about 1 V/cm was set and measured to 
about 1-2 s was recorded in the case of potassium, rubidii 
line emissic«i was occurring even though the voltage betwj 
and ions ionize to provide a catalyst with a net enthaj 
hydrogen to within less than the thermal energies 
or rubidium ion. Since the thermal decay time of < 
similar to the anomalous plasma afterglow di^tii 
with a catalyst that did not require the pn 
Hydrogen Energy. Published by Elsevier 






and the hydrogen 
lission of extreme 
ely coupled plasma, or a 
;t provided by a toroidal 
;eh generated at a tungsten 
I, cesium, and their carbonates 
ion of an integer multiple of the 
comprise only a single ionization in the 
and sodium and lithium carbonates and 
test the electric dependence of the emission, the 
X 10~* s. An anomalous afterglow duration of 
bj, RbNOs, and CsNCb- Hydrogen line or alkali 
es was set to and measured to be zero. These atoms 
an integer multiple of the potential energy of atomic 
comprise only a single ionization in the case of a potassium 
dissociation of molecular hydrogen to atomic hydrogen was 
ssion was determined to be due to a reaction of atomic hydrogen 
field to be functional. © 2001 International Association for 
All rights reserved. 
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A historical motiy^gn to ^use EUV emission from a 
trum of hydrogen was first 
lown source, the Sun [1]. Devel- 
fe a suitable intensity are high volt- 
hrotron, and inductively coupled plasma 
important variant of the later type of 
omak [3], Fujimoto ct al. [4] have deter- 
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age discfll 
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sc^e^ 
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mined the cross section for production of excited hydro- 
gen atoms from the emission cross sections for Lyman and 
Balmer lines when molecular hydrogen is dissociated into 
excited atoms by electron collisions. These data were used to 
develop a collisional-radiative model to be used in determin- 
ing the ratio of molecular-to-atoraic hydrogen densities in 
tokomak plasmas. Their results indicate an excitation thresh- 
old of 17 eV for Lyman a emission. Addition of other gases 
would be expected to decrease the intensity of hydrogen 
lines which could be absorbed by the gas. Hollander and 
Wertheimer [5] found that within a selected range of param- 
eters of a plasma created in a microwave resonator cavity, a 
hydrogen-oxygen plasma displays an emission that resem- 
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bles the absorption of moleciJar oxygen. Whereas, a heliunrj- 
hydrogen plasma emits a very intense hydrogen Lyman a 
radiation at 121.5 ran which is up to 40 times more intense 
than other lines in the spectrum. The Lyman a emission 
intensity showed a significant increase from that predicted 
by the model of Fujimoto et al. [4] and from the emission 
of hydrogen alone. 

Observation of intense extreme ultraviolet (EUV) emis- 
sion has been previously reported at low temperatures 
(e.g. f«l(P K) from atomic hydrogen and certain atomized 
elements or certain gaseous ions [6-1 7]. The only pure ele- 
ments that were observed to emit EUV were those wherein 
the ionization of t electrons from an atom to a continuum en- 
ergy level is such that the sum of the ionization energies of 
the / electrons is approximately m x 27.2 eV where / and m 
are each an integer. Potassiian, cesium, and strontium atoms 
and Rb^ ion ionize at integer multiples of the potential 
energy of atomic hydrogen and caused emission. Whereas, 
the chemically similar atoms, sodium, magnesium and 
barium, do not ionize at integer multiples of the potential 
energy of atomic hydrogen and caused no emission. Helium 
ions present in the experiment of Hollander and Wertheimer 
[5] ionize at a multiple of 2 times the potential energy of 
atomic hydrogen. 

Prior studies support the possibility of a novel reaction of 
atomic hydrogen which produces an anomalous discharge 
and prxKhices novel hydride compounds [6-31]. Experi- 
ments that confirm the novel hydrogen chemistry include 
extreme ultraviolet (EUV) spectroscopy, plasma formation, 
power generation, and analysis of chemical compounds. 
For examples: (1) Lines observed by EUV spectroscopy 
could be assigned to transitions of atomic hydrogen to lower ^ 
energy levels corresponding to lower energy hydrogen aton 
and the emission from the excitation of the con 
hydride ions [8,1 1,13,15-17]. (2) The chemical i 
of catalysts with atomic hydrogen at temperati 
1 000 K has shown surprising results in terms c 
of the Lyman and Balmer lines [6-17] s 
of novel chemical compounds [1 3,1 5-31J. 
plasma in hydrogen was generated M 
at 1% of the theoretical or prior kn^^^i^^ fequireroent 
and with 1 000s of times less p^^^^^ a system wherein 
the plasma reaction was con^^e^^^a^eak electric field 
[6,10]. (4) An anomalo^g^^^Evi^ydrogen/potassium 
mixtures has been rep<^d^^eiii^e plasma decayed with 
a two second half Jjfe^bich ^s the thermal decay time of 



the filament whi 
hydrogen wb( 
experiment 
ring evi 
set 





lecular hydrogen to atomic 
ic field was set to zero [9]. This 
lydrogen line emission was occur- 
voltage between the heater wires was 
to be zero and indicated that the emis- 
a reaction of potassium atoms with atomic 
hy£l^graP[5) Novel hydrogen compounds have been iso- 
lated^^roducu of the reaction of atomic hydrogen with 
atoms and ions identified as catalysts in the reported EUV 
studies [6-31]. 



We report that a hydrogen plasma formed at low tem- 
peratures (e.g. 10* K) by reaction of atomic hydrogen 
with a catalyst with a net enthalpy of reaction of an 
integer multiple of the potential energy of atomic hydrogen 
(m X 27.2 eV m = integer). Atomic hydrogen was generated 
by dissociation at a tungsten filament and at a transition 
metal dissociator that was incandescently heated by the fil- 
ament. Catalyst atoms or ions were vaporized by heating to 
form a low vapor pressure (e.g. 1 Ton). The kinetic energy 
of the thermal electrons at the experimental temperature of 
f« lO' K were about 0.1-0.2 eV, and the average collisional 
energies of electrons accelerated by the field of the filament 
were less than 1 eV. (No blackbody emission was recorded 
for wavelengths shorter than 400 imi.) Only blackbody 
radiation was observed at lower wavelengths unless an 
anomalous discharge formed. The mechanism of EUV emis- 



sion cannot be explained by the convei 
hydrogen, but it is predicted by a sohiti 
equation with a nonradiative bou 
ward by Mills [32]. 

Mills predicts that certain atol 
to release energy from j 



binding energy hydrogei 
a binding energy ofi 





al chemistry of 
le SchrodingcT 
istraint put for- 



serve as catalysts 
;e an increased 



Binding enerj 



itom c^ed a hydrino atom having 



(1) 



(2) 

I integer greater than 1, designated as H[flH//'] 
fis the radius of the hydrogen atom. Hydrinos arc 
cted to form by reacting an ordinary hydrogen atom 
ia catalyst having a net enthalpy of reaction of about 



m X 27.2 eV, 



(3) 



where m is an integer. This catalysis releases energy from 
the hydrogen atom with a commensurate decrease in size of 
the hydrogen atom, r» = nan. For example, the catalysis of 
H(n = 1 ) to H(n = 1/2) releases 40.8 eV, and the hydrogen 
radius decreases from oh to ^oh- 

The excited energy states of atomic hydrogen are also 
given by Eq. ( 1 ) except that 



n= 1,2,3,... . 



(4) 



The n = 1 state is the "ground" state for "pure" photon 
transitions (the n = 1 state can absorb a photon and go to an 
excited electronic state, but it cannot release a photon and go 
to a lower-energy electronic state). However, an electron 
transition from the groimd state to a lower-energy state is 
possible by a nonradiative energy transfer such as multipole 
coupling or a resonant collision mechanism. These lower- 
energy states have fi^ctional quantum nirnibers, n = 
1 /integer. Processes that occur without photons and that 
require collisions are conmion. For example, the exother- 
mic chemical reaction of H -I- H to form H2 docs not 
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occur with the emission of a photon. Rather, the reaction 
requires a collision with a third body, M, to remove the 
bond energy-H + H + M H2 + M* [33]. The third body 
distributes the energy from the exothermic reaction, and 
the end resxdt is the H2 molecule and an increase in the 
temperBture of the system. Some commercial phosphors 
are based on nonradiative energy transfer involving multi- 
pole coupling. For example, the strong absorption strength 
of Sb^"*^ ions along with the efficient nonradiative transfer 
of excitation from Sb'"*^ to Mn^"*^, are responsible for the 
strong manganese luminescence from phosphors containing 
these ions [34]. Similarly, the n = 1 state of hydrogen and 
the n = 1 /integer states of hydrogen are nonradiative, but a 
transition between two nonradiative states is possible via a 
nonradiative energy transfer, say n — 1-1/2. In these cases, 
during the transition the electron couples to another electron 
transition, electron transfer reaction, or inelastic scattering 
reaction which can absorb the exact amount of energy that 
must be removed from the hydrogen atom. Thus, a catalyst 
provides a net positive enthalpy of reaction of m x 27.2 eV 
(i.e. it absorbs m x 27.2 eV where m is an integer). Certain 
atoms or ions serve as catalysts which resonantly accept 
energy from hydrogen atoms and release the energy to the 
surroundings to effect electronic transitions to fractional 
quantum energy levels. Recent analysis of mobility and 
spectroscopy data of individual electrons in liquid helium 
show direct experimental evidence that electrons may have 
fractional principal quantum energy levels [35]. 

The catalysis of hydrogen involves the nonradiative trans- 
fer of energy from atomic hydrogen to a catalyst which may 
then release the transferred energy by radiative and non- 
radiative mechanisms. As a consequence of the nonradiative 
energy transfer, the hydrogen atom becomes unstable 
emits further energy until it achieves a lower-energy nj 
diativc state having a principal energy level giveii^ 
(l)and(2). 

The energy released during catalysis may ig?d( 
nal conversion and cause alkali line emis; 
could also ionize or excite molecular an<rmrfHc ^(drogen 
resulting in hydrogen emission which^|b^^^^charac 
lerized ultraviolet Hues such as tH^L^^^fsnes and the 
visible Babner series. The exiS5^:^mBa!mer emission 
requires that Lyman emissic^s^^fe^nerated. This con- 
firms that a hydrogen pj^^^^- ^nan a emission was 
Balmer and alkali line 
spectroscopy, 
light emission in the vi si- 
hen all of the power into the cell 
the temporal emission of a plasma 
ample, the afterglow with decay to zero 

.J, J lines (e.g. 455,5 nm) of a high volt- 

l8lhargc is about 100 ps [36]. And, the duration 
glow of a neon plasma which was switched oft 
Stionary state was under 250 MS [37]. In the present 
study, the presence of EUV emission and the persistence of 
Balmer beta or alkali line emission when the field was zero 




sought by EUV 
emission was 

The temporal 
blc range wj 
was remove 
is v( 



was a means to determine whether the plasma was due to 
the externally applied power or whether a novel chemical 
source of power that required a catalyst and hydrogen was 
responsible. The electric field dependence of the catalysts 
was also determined. 

2. Experimental 

Due to the extremely short wavelength of this radiation, 
"transparent" optics do not exist. Therefore, a windowless 
arrangement was used wherein the source was connected 
to the same vacuimi vessel as the grating and detectors of 
the EUV spectrometer. Windowless EUV spectroscopy was 
performed with an extreme ultraviolet spectrometer that was 
mated with the cell. Differential pumping permitted a high 
pressure in the cell as compared to that in the spectrome- 
ter. This was achieved by pumping oi^fe cell outlet and 
pumping on the grating side of the is^^m0xx that served 
as a pin-hole inlet to the op***^s. J^^^^^s operated un- 
der hydrogen flow conditions v^nei^^t^ng a constant 
hydrogen pressure in the cell 1 



The experimental set 
quartz cell which was 5' 
ameter. Three port] 
tion were on th< 
(0.508 mm 
tance ^ 2.,^^) 






flow controller, 
g. 1 comprised a 
length and 50 mm in di- 
outlet, and photon detec- 
cell. A tungsten filament 
800 cm in length, total resis- 
lium cylindrical screen (300 mm 



in diameter) that performed as a hydro- 
^erc inside the quartz cell. A new dissocia- 
I for each experimcnL The filament was coiled 
led ceramic support to maintain its shape when 
he return lead ran through the middle of the ce- 
^support The filament leads were covered by a alumina 
1 which differed fix>m the set up reported previously [7]. 
The titanium screen was electrically floated. The power was 
applied to the filament by a power supply (Sorensen 80-13) 
which was controlled by a constant power controller. The 
cell was operated with 300 W or less input power which 
corresponded to a cell wall temperature of about 700 C or 
less which was lower than the maximum power and tem- 
perature, respectively, reported in previous EUV studies [7]. 
This temperature was selected in order to maximize the va- 
porization of the catalyst while avoiding decomposition to 
the corresponding alkali metal in the case of alkali carbon- 
ates and nitrates. The temperature of the tungsten filament 
was estimated to be in the range of 1 100-1500"C. The hy- 
drogen gas pressure inside die cell was maintained at about 
300 mTorr. The entire quartz cell was enclosed inside an 
insulation package (Zircar AL-30). Several K-type thermo- 
couples were placed in the insulation to measure key tem- 
peratures of the cell and insulation. The thermocouples were 
read with a multichannel computer data acquisition system. 

In the present study, the light emission phenomena 
was studied for (1) hydrogen, argon, neon, and he- 
lium alone, (2) all alkali metals except lithium which 
reacted with the quartz cell and all alkali carbonates 
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Fig. 1. The experimental set up comprising a gas cell light source 
and an EUV spectrometer which was differentially pumped. 

and nitrates. The inorganic test materials were coated 
on a titanium screen dissociator by the method of wet 
impregnation. The screen was coated by dipping it in a 
0.6 M Na2CO3/10% H2O2, 0.6 M KjCOa/lOTo HjOa, or 
0.6 M RbNO3/10% H2O1 solution, and the crystalMnc ma- 
terial was dried on the surface by heating for 12 h in a 
drying oven at ISO^C. A new dissociator was used for each 
experiment. Alkali metals were placed in the bottom of the 
cell and volatized by the external heater. 

The light emission was introduced to an EUV spec- 
trometer for spectral measurement. The spectrometer 
was a Mcpherson 0.2 m monochromator (Model 302, 
Seya-Namioka type) equipped with a 1200 lines/mm holo- 
graphic grating with a platinum coating. The wavelength 
region covered by the monochromator was 30-560 ran. 
The vacuum inside the monochromator was maintained 
below 5 X 10~^ ToTT by a turbo pump. 

The EUV spectrum (40-160 nm) of the cell emissio 
was recorded with a channel electron multiplier (CE 
The wavelength resolittion was about 1 nm (FWl^^^ 
an entrance and exit slit width of 300 x 300 jrni j^qpt fgr 
the NajCOs cell wherein an entrance and exj 
500 X 500 pn was used. 

The EUV/UV/VIS spectrum (40-56(J^g^f^c cell 



emission of hydrogen alone was rec< 
tiplier tube (PMT) and a sodmm si 
PMT (Model Rl 527P, Hamai ~ 
sponse in the range of 185 

t about 400 nm. The 
and outlet slit were 5< 
wavelength 

TheUV/VlS^ 
was recon 
out the 
0.4 nm: 




tomul- 
illator. The 
has a spectral re- 
a peak eflScicncy 
0.4 nm. The inlet 
hich corresponded to a 
Ti (FWHM). 
nm) of the cell emission 
ttomultiplier tube (PMT) with- 
scintillator. The scan interval was 



nd outlet slit were 500 x 500 jun. 
I the region 560-900 ran was recorded 
floptical fiber and visible spectrometer (Ocean 
0). To conect for the nonunifoim response of 
ometcr system as a function of wavelength and 
the dependence of energy on wavelength, the system was 
calibrated against a reference light source (Ocean Optics 




200 300 400 500 

Wavelength (nm) 

Fig- 2. The UV/VIS spectrum (40-560 nm) of the cell emission 
from the gas cell comprising a tungsten filan^, a litaDium disso- 
ciator, and 0.3 Torr hydrogen at a cell tcij^^^x of 700 C that 
was recorded with a PMT and a sodiuinsa^g^ scintillator with 
an increased sHi width of 500 x 50j 

LS-l-CAL). A spectral ci 
count rate data at each 
of the detector ii 

In order to 
UV/VlS 
a alkali lini 
by a switcl 
This^iyitch si 





was applied to the 
to yield the irradiation 
time/area/ wavelength, 
temporal behavior of the cell, 
set to the Balmcr beta line or 
It of the heater was interrupted 
the power supply and the filament, 
le voltage to zero in < 0.5 x 10~* s as 
' an oscilloscope (BK Precision Model 2120). 
Msp^e time of the photomultiplier was also tested by 
(it^^JofTthe room lights and recording the zero order as 
r function of time. The emission in the 300-560 nm region 
trecorded as a function of time at 200 ms steps with the 
^otomultiplier as the filament was switched on and off. 
The emission in the 560-900 ran region was recorded as 
a Junction of time at 200 ms steps with the Ocean Optics 
S2000 spectrometer as the filament was switched on and off. 



3. Results 

The cell without any test material present was run to estab- 
lish the baseline of the spectrometer. The UV/VIS spectrum 
(40-560 nm) of the emission from the gas cell comprising 
a tungsten filament, a titanium dissociator, and 0.3 Torr hy- 
drogen at a cell temperature of 700* C is shown in Fig. 2. No 
emission was observed except for the blackbody filament 
radiation at the longer wavelengths. No emission was also 
observed when argon, neon, or heliimi replaced hydrogen. 

The EUV spectrum (40-160 nm) of the cell emission 
from the NarCOj, KrCOj, and RbNOj gas cell is shown 
in Figs, 3-5, respectively. Even with the larger slit widths, 
essentially no EUV emission was observed in the case of 
Na2C03 which is not a catalyst. The cause of the weak 
emission may have been due to potassium contamination 
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Wavelength (nm) 

Fig. 3. The EUV spectnmi (40-160 nm) of the eel) emission from 
the gas cell comprising a tungsten filament, a litanium dissociator 
treated with 0.6 M Na2CO3/]0% H2O2 before being used in the 
cell, and 0.3 Ton hydrogen at a cell temperature of 700"C that was 
recorded with a CEM with an increased slit width of 500 x 500 fim. 




Wavelength (nm) 

Fig. 5. The EUV spectrum (40-1 60 nm) of the cell emission from 
the gas celt comprising a tungsten 61ament, a titanium dissociator 
treated with 0.6 M RbNO3/I0% H2O2 be^^being used in the 
cell, and 0.3 Ton hydrogen at a cell ten^^S^ of 700" C that 
was recorded with a CEM. 



c 20000 
§ 

Q. 10000 



K2CO3 



6157 

I 



Wavelength (nm) 

Fig. 4. The EUV spectrum (40-160 nm) of the 
the gas cell comprising a tungsten filament, a 
treated with 0.6 M KjCOj/lOTo H2O2 
cell, and 03 Ton hydrogen at a cell t( 
was recorded with a CEM. 





which was observed by 
spectroscopy. Strong 
and weak potassium 
cases of catalysts 
cases, the EUVj 
and alkali 
energetic 

The 
sion' 



londary ion mass 
igen Lyman series 
ICS were observed m the 
^03, respectively. In these 
that a plasma of hydrogen 
it with emissions 10 times more 
lemical reactions. 

(300-560 nm) of the cell emis- 
I, K2CO3, and RbNCb gas cell is 



6-8, respectively. No UV/VIS emission 
in the case of NajCOj which is not a cat- 
alystf^^ereas, strong emission was observed in the cases 
of catalysts K2CO3 and RbNOs- In the case of K2CO3, the 
visible spectrum shown in Fig. 7 contains potassium lines 



Fig. 6. The UV/VlS spectrum (300-560 nm) of the cell cnrission 
from the gas cell comprising a tungsten filament, a titanium disso- 
ciator treated with 0,6 M Na2CO3/10% H2O2 before being used 
in the cell, and 0.3 Ton hydrogen at a cell temperature of 700 C 
that was recorded with a PMT. 



and hydrogen Balmer lines. 6 aimer beta was present at 
486 nm, and Balmer gamma was present at 434 nm when 
the Lyman a emission was present in the EUV region. Thus, 
recording the Balmer emission corresponds to recording the 
Lyman a eraissicm. The Balmer beta was selected and the 
temporal behavior of the light emission m the visible range 
was recorded when all of the power into the cell was re- 
moved. In the case of RbNOj, the visiTjle spectrum shown m 
Fig. 8 contains rubidium lines. The rubidiimi 550.0 nm was 
present when the Lyman a emission was present in the EUV 
region. Thus, recording the rubidium 550,0 imi corresponds 
to recording the Lyman a emission. The rubidium 550.0 nm 
was selected and the temporal behavior of the light emission 
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300 350 400 

Wavelength (nm) 

Fig. 7. The UV/VIS spectrum (300-560 nm) of the cell emission 
from the gas cell comprising a tungsten filament, a titanium dis- 
sociator treated with 0.6 M K2CO3/10% H2O2 before being used 
in the cell, and 0.3 Ton hydrogen at a cell temperature of 700 C 
that was recorded with a PMT. 




300 350 400 450 

Wavelength (nm) 

Fig. 8. The UV/VlS spectrum (300-560 ran) of the 
from the gas cell comprising a tungsten filament, 
sociator treated with 0.6 M RbNO3/10% H2O; 
in the cell, and 0.3 Terr hydrogen at a cell tei 
that was recorded with a PMT. 



in the visi*ble range was rec( 
the cell was removed. 

The temporal behavi< 
lowing the interruptii 
monochromator w; 
part of the 



of the power into 



fcnt was studied fol- 
it^&tion of the power. The 
the range around 670 nm, a 
line radiation was observed, 
ion from the heater was significant, 
fore the blackbody of the filament 
vel. Then, the heater current was inter- 
tir^. The thermal decay time of the filament 
of molecular hydrogen to atomic hydrogen 

he temporal behavior of the plasma was studied 
following the interruption of the heater power. Only the cell 
containing a catalyst comprising one of potassium, rubid- 




iimi, cesium, and their carbonates and nitrates with hydro- 
gen was studied since these were the only cases in which a 
plasma was formed. A bright plasma formed by the time the 
cell temperature reached 700*'C A spectrum was obtained 
over the region 3()0-560 nm. The visible Imes of maximum 
intensity were identified and the monochromator was ad- 
justed to the observed Imes. For example, in the case of 
K2CO3 and RbNOa, the monochromator was adjusted to 
the Balmer beta line at 486 nm, and the rubidiimi 550.0 nm 
emission, respectively. In both cases, the line appeared as 
a part of the spectrum where the blackbody radiation from 
the heater was essentially zero as shown in Figs. 2, 7 and 
8, respectively. The response time of the photomuJtipIier 
was tested by svotching off the room lights and recording 
the zero order as a function of time. The results are shown 
in Fig. 9. The photomultiplier output went to zero withm 
the sampling time (200 ms) of the pho^^ultiplier. With a 
faster rate, this time constant may 
current was interrupted several tiip 



between the interruptions, so 
returned to its previous levdk 
zero in a < 0.5 x 10 
(BK Precision Model 2^0), ai 




1. The heater 
ifficient spacing 
lission always 
set the voltage to 
ly the oscilloscope 
the output of the photo- 



multiplier was recopd^ I^|^e^^se of K2CO3 and RbNOs, 
the emission of t^pelp^ja Action of time while the heater 
power was tumed^f ano^bflT is shown in Figs. 10(a)-(c) 
and 1 1, reg^ril-ely'T^ie observed decay time of the emis- 



sion was abdi^I-2 s. 

iQitoms a^^' ions which gave an anomalous discharge 
^^t^^raaied by strong EUV and visible emission are given 
ile^ The atoms and ions which gave an anomalous 
duration of about 1-2 s are also given in Table 1 
le corresponding line emission(s). 



4. Discusaon 



Only blackbody radiation was observed at lower wave- 
lengths unless an anomalous discharge formed. In the cases 
where plasma was observed, no possible chemical reac- 
tions of the tungsten filament, the titanium dissociator, cat- 
alyst, and 03 Ton hydrogen at a cell temperature of 700** C 
could be found which accounted for the plasma. In fact, no 
known chemical reacticm releases enough energy to form 
a hydrogen plasma. For examples, the enthalpy of forma- 
tion AHp of potassium, rubidium, and ceshmi hydride is 
-14.13, -13.00, and -13.50 kcal/mol [38]. Thus, the for- 
mation of potassium, rubidium, and cesium hydride releases 
0.59, 0.54, and 0.56 eV/atom, respectively. The reduction 
of K2CO3 by hydrogen calculated from the heats of forma- 
tion is very endothermic. 



H2 + K2CO3 -* 2K + H2O + CO2, 
AH = +122.08 kcal/mol H2. 



(5) 
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Fig. 9. Tha response time of the photomultiplier tested by switching off the rcx>m lights and recording the zi 



The reaction absort>s 2.5 eV/hydrogen atom. The reduction 
of KNCh to water, potassium metal, and NHj calculated 
from the heats of formation only releases 0.3 eV/hydrogen 
atom. 




inction of time. 



9/2H2 + KNO3 K + 3H2O + NH3, 
AH = - 14.2 kcal/mol Hj. 



(6) 



The most energetic reaction possible was the reaction of 
hydrogen to form water which releases 1 .48 eV per atom of 
hydrogen; whereas, the energy of Lyman emission is greater 
than \02 cV/atom. 

The dissociator was present in all experiments. The 
sion was not observed with the cell alone, with 
helium, neon, or argon alone, or under identi^con^- 
tions wherein a noncatalyst replaced a catal 
power was interrupted, the emission decay) 
Decay was recorded over a time great^^ 
the typical dtiration of a discharge 
This experiment shows, that plasms 
even though the voltage betwj 
to and measured to be zero- 
anomalous. SirKe the 
for dissociation of m< 
was similar to the, 
which required 




«^s. 
times 
iw [36]. 
as occurring 
tter'wires was set 
ition which was 
imc of the filament 
[en to atomic hydrogen 
plasma afterglow duration 
catalyst, the emission was 



I reaction of catalyst with atomic 

y, the filament leads were covered by 
^which differed from the set up reported 
It was found in previous studies that a weak 
f d was required in order for a resonance energy 
The achieved between an atom of hydrogen and 
a catalyst atom or ion such as a strontium atom [6,10]. A 
fimher goal of the present study was to determine the field 



dependence of EUV ^Tssi^fc afif' to demonstrate an 
anomalous afterglow wi^o fie^ present. In previous stud- 
ies [7] the maxirm^'^d^-ii^ifcout 10 V/cm between the 
leads with a dip^^S^ktng the length of the filament of 
about 1 V/^l5i^^fc>resent cell only the weak dipole field 
of 1 V/crtfi^a^pesem until the power to the filament was 
switched oift^iflier case, the field was negligible relative 
toj^^^hich cmises an electrical discharge. At the same 
bressure as that of the present studies, breakdown 
Fcur for an applied voltage of less than 3000 V 
flOOO V/cra across the leads with the filament dis- 
cd. In this case, only an arc formed versus a plasma 
lich filled the entire cell when a catalyst and atomic 
hydrogen from the filament were present With the field 
minimized, only those catalysts with a net enthalpy of reac- 
tion of an integer multiple of the potential energy of atomic 
hydrogen (m x 27.2 eV m = integer) to within 0.17 eV and 
involve only a single ionization form in the case of a catalyst 
ion produced EUV and visi'ble emission as shown in Table 1 . 
And, only those catalysts with a net enthalpy of reaction 
of an integer multiple of the potential energy of atomic hy- 
drogen to within less than the thermal energies at « lO' K 
and involve only a single ionization in the case of a catalyst 
ion produced an anomalous plasma afterglow duration as 
shown in Table 1. 



4.1. Catalysts 

The emission nnist have been due to a novel chemical 
reaction between catalyst and atomic hydrogen. According 
to Mills [32], a catalytic system is provided by the ionization 
of / electrons from an atom or ion to a continuum energy 
level such that the sum of the ionization energies of the 
t electrons is approximately m x 27.2 eV where m is an 
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Fig. T^ ^a T^fag emissioD of the 486.1 nm hydrogen Balmer /? line as a function of time while the beater power was turned on and off. 

iga^^ Sfeprised a tungsten filament, a titanium dissociator treated with 0.6 M K2CO3/10% H2O2 before being used in the cell, and 
0-^£Mrr^pln>gen at a cell temperature of 700* C that was recorded at 200 ms intervals with a PMT. (b) The eptpanded region 453-458 
s shc^^^ Fig. 10(a) of the emission of the 486.1 nm hydrogen Balmer ^ line as a function of time showing the decay when the heater 
power was turned off. (c) The expanded region 760--765 s shown in Fig. 10(a) of the emission of the 486.1 nm hydrogen Balmer ^ Iroc as 
a function of time showing the decay when the heater power was turned off. 
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Fig. 1 ]. The emission of the Rb 550.0 nm line as a fimctioD of time while the heater power was ^^^Jg^^^^^^^ ^as cell comprised 
a tungsten filament, a titanium dissociator treated with 0.6 M RbNO3/]0% H2O2 before being used^f^lIT^i^.S Torr hydrogen at a 
cell temperature of 700° C that was recorded at 200 ms intervals with a PMT. 



integer. A catalyst may also be provided by the transfer 
of t electrons between participating ions. The transfer of / 
electrons fh)ni one ion to another ion provides a net enthalpy 
of reaction whereby the sum of the ionization energy of the 
electron donating ion minus the ionization energy of the 
electron accepting ion equals approximately m x 27.2 eV 
where / and m are each an integer. 

4.2. Potassium metal 

One such atomic catalytic system involves ^ 
metal. The first, second, and third ionizatio 
potassium arc 4.34066, 31.63, 45.806 ej 
[39]. The triple ionization (t = 3) reactt 
then, has a net enthalpy of reaction^ 
is equivalent to m = 3 in Eq. (3). ^ 



thermal energi^'^^'^c 1^2 eV. And, the potassium atom 
is neutral sc^ii^ c9tnl«f-i<>n would not effect the vacuiun 
ionization! 

A!s8i *he ^feialous afterglow of potassium metal may 
catalysis by potassium ions which provide an 
ith^y of reaction of 27.28 eV which is essentially 
ith the 27.2 eV from atomic hydrogen. Strong K"^ 
on was observed in the EUV spectriim. 
o, the identification of the predicted product of cata- 
sis by potassium ions as well as by potassium metal [18] 
when only potassium metal was supplied as the catalyst 
provides support for the catalyst by potassium ions as the 
basis of the anomalous afterglow when potassium metal is 
supplied. 

4.3. Potassium carbonate and potassium nitrate 



81.7766 eV + K(m) + 



Potassiura ions can also provide a net enthalpy of a mul- 
tiple of that of the potential energy of the hydrogen atom. 
The second ionization energy of potassium is 31.63 eV; and 
K"*^ releases 4J4 eV when it is reduced to K. The combi- 
nation of reactions K+ to and K+ to K, then, has a 
net enthalpy of reaction of 27.28 eV, which is equivalent to 
m = 1 in Eq. (3). 



;^]+l(/' + 3)'-/]xl3.6eV. 



27.28 eV + K+ + + 



"[?) 



nalous afterglow of potassium metal may be possi- 
ble since the triple ionization {t = 3) reaction of K-K^"*^ has 
a net enthalpy of reaction of 81.7766 eV, which is within 



+H [ij^] P'] X '3.6 eV, (10) 

K + -f K+ + 27.28 eV. (11) 
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Table 1 



Observation of EUV and visible emission and anomalous afterglow duration recorded on a hydrogen or alkali line from an incandescenlly 
heated gas mixture of hydrogen and an alkali metal, alkali carbonate, or alkali nitrate 



Sample 



EUV emission 



U2CO3 
.UNO3 
Na(m) 
Na2C03 
NaN03 
K(m) 



K2CO3 



KKO3 
Rb(m) 



Rb2C03 
RbNOs 



Cs(m) 



CS2CO3 
CsNOj 



No 
No 
No 
No 
No 
Yes 



Yes 
Yes 



Yes 
Yes 



Yes 
Yes 



The overall reaction is 



An anomalous afterglow duration wj 
but not KNO3 which indicates 
given by Eqs. (10)-(I2) is favj 
vides two potassium ions in 
The EUV spectrum 
K2CO3 is shown in 
KNO3, K2CO3 pr< 
sion, and the 

line which i<^tifi< 
when 





K2COJ 
reaction 
which pro- 
Ical environment, 
le cell emission for 
to K(m), K2CO3, and 
ghest intensity EUV emis- 
low duration of the Balmer 
plasma of hydrogen was present 
zero shown in Figs. 10(A)- (C) 



metal, rubidium carbonate, and rubidium 



Rubidium ions can also provide a net enthalpy of a multi- 
ple of that of the potential energy of the hydrogen atom. The 



Visible emission 



Anomalous afterglow 
Lines (nm) 




Kikrond ionization energy of rubidium is 27.28 eV. The reac- 
tion Rb^ to Rb^+ has a net enthalpy of reaction of 27.28 eV, 
which is equivalent to = 1 in Eq. (3). 



27.28 eV + Rb 



RV* + e" 



+H 



+ [(/'+l)'-;'']xl3.6cV, (13) 



(14) 



Rb^+ + e' -» Rb^ + 27.28 cV. 
The overall reaction is 

"l7]-"[(7TT)]-*-«'^-'>^-^^5^'^-^^^- 

(15) 

The catalytic rate and corresponding intensity of EUV emis- 
sion as well as the anomalous afterglow duration probably 
depends on the concentration of gas phase Rb"*^ ions. Ru- 
bidium metal may form RbH which may provide gas phase 
Rb"*^ ions, or rubidium metal may be ionized to provide gas 
phase Rb"*^ ions. EUV emission was observed from RbjCOj 
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which may function as a catalyst. But, an anomalous after- 
glow duration was not observed possibly because two rubid- 
ium ions are present rather than one, and Rb2C03 has a low 
volatility. In his case, gaseous rubidium from decomposition 
may be the main source. Rb"*" ion emission was observed in 
the visible spectrum of rubidium metal and Rb2C03. 

Alkali metal nitrates are extraordinarily volatile and can 
be distilled at SSO-SOO^C [40]. RbNOs is the favored can- 
didate for providing gaseous Rb"^ ions. The EUV spectrum 
(40-160 nm ) of the cell emission for RbNOs is shown in 
Fig. 5. Relative to Rb(m), RbzCOa, and RbNOa, RbN03 
produced the highest intensity EUV emission, and the 
anomalous afterglow duration shown in Fig. 1 1 was readily 
observable. 

4.5. Cesium metal cesium carbonate, and cesium nitrate 

A catalytic system is provided by the ionization of two 
electrons from a cesium atom each to a continuum energy 
level such that the sum of the ionization energies of the two 
electrons is approximately 27.2 eV. The first and second 
ionization energies of cesium are 3.89390 and 23.1 5745 eV, 
respectively [39]- The double ionization reaction of Cs to 
Cs^'^, then, has a net enthalpy of reaction of 27.05135 eV, 
which is equivalent to m = 1 in Eq. (3). 



27.05135 eV + Cs(m) + 1 



.Cs^-' +2e- 



+H 1^^] +[(/.+ 1)^ - X 13.6 eV, (16) 



Cs^+ + 2e" Cs(/n) + 27.05135 eV. 
The overall reaction is 



The anomalous afterglow of cesium^ 
since the double ionization reactii 
net enthalpy of reaction of Z 
thermal energies of 2 x 27.j 
neutral so that a count* 
ionization energies. 

EUV emission^jw^i^lso 
CSNO3. CS2O 



^x>ssible 
f^"'' has a 
, wTiich is within 
ne cesium atom is 
t effect the vacuimi 



ed for CS2CO3, and 
CsN^^re not catalysts, but they may 
readily dccomp^ *o metal under atomic hydrogen 

at the cell ^^fe^^mperature. An anomalous afterglow 
duratioiif^i^^^bseTved in the case of CsNOj, but not in 
the d^/^^S2^3. The anomalous afterglow duration of 
thje. Cs^l^^ cell was observed only at long wavelengths 
in'^ib^n^that a weak anomalous plasma was present after 
the mi"^ was turned off. This is consistent with the greater 
rate of CsNCb decomposition relative to CS2CO3. Strong 
cesium atom emission was observed in the visible spectrum. 



4.6. Lithium metal, lithium carbonate, and lithium nitrate 

No EUV emission was observed in the case of LfNOj, 
and LijCOj which do not provide a reaction with a net 
enthalpy of a multiple of the potential energy of atomic 
hydrogen. Li(m) may ftmction as a catalyst The catalytic 
system is provided by the ionization of two electrons from 
Li to a continuum energy level such that the sum of the 
ionization energies of the two electrons is approximately 
3 X 27.2 eV. The first and second ionization energies of 
lithium are 5.39172 eV and 75.6401 8 eV, respectively [39]. 
The double ionization reaction of Li to Li^"*", then, has a net 
enthalpy of reaction of 81.0319 eV, which is equivalent to 
m = 3 in Eq. (3). 



81.0319 eV + Li + 



+H 



L + 3)] 



+ + 3)' 



Li^^ +2e" -* Li + 81.0; 
TTie overall reaction is 




.6 eV, 



(19) 



(20) 




(21) 

and Ot^3 are not catalysts, but they may decom- 
lium metal under atomic hydrogen at high tem- 
eak emission was observed previously with the 
iition of Li2C03 and LiNOs to lithiimi metal [7]. 
metal did not form to a significant extent in the 
study which may explain the abseiKe of emission. 
J so, the presence of a field of about 10 V/cm may be re- 
quired in order for a plasma to form in these cases since the 
mismatch between 81.0319 and 3 x 27.2 eV is 0.57 cV. In 
the case that electrons are ionized to a continuum energy 
level, the presence of a low strength electric field alters the 
continuum energy levels. In the anomalous discharge of hy- 
drogen due to the presence of lithium, the weak field may 
adjust the energy of ionizing lithium to match the energy of 
3 X 212 eV to permit a novel reaction of atomic hydrogen. 

4.7. Sodium metal, sodium carbonate, and sodium nitrate 

No EUV emission was observed in the case of Na(m) 
which does not provide a reaction with a net enthalpy of a 
multiple of the potential energy of atomic hydrogen. Na"*^ 
may serve as a catalyst. The catalytic system is provided 
by the ionization of three electrons from Na"*" to a contin- 
uum energy level such that the sum of the ionization en- 
ergies of the three electrons is approximately 8 x 27.2 cV. 
The second, third, and fourth ionization energies of sodium 
are 47.2864, 71.6200, and 98.91 eV, respectively [39]. The 
triple ionization reaction of Na"*^ to Na*"^, then, has a net 
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enthalpy of reaction of 217.8164 eV, which is equivalent to 
m = 8 in Eq. (3). 



217.8164 eV + Na"^ +H 



y Na^^ + 3e- 



+H [^~~^] + [(/^ + 8)' - P'^ X 13-6 eV, (22) 

Na*+ + 3e- Na+ + 217.8164 eV. (23) 
The overall reaction is 

"[7h"[(7T8)l^^*^^'^^-^^^^*''^'^' 

(24) 

No emission was observed from NajCOs which may not 
function as a catalyst because two sodium ions are present 
rather than one. and Na2C03 is not volatile. NaNCb may 
function as a catalyst. However, no emission was observed 
with NaN03 which may have to be volatized in order to be 
functional as a catalyst. Of all the alkali nitrates, NaNOs is 
the least volatile [40]. 

Alternatively, based on the previously observed emission 
from NaN03 [7], the presence of a field of about 10 V/cm 
may be required in order for a plasma to form since the 
mismatch between 217.8164 and 8 x 27.2 cV is 0.22 eV. In 
the anomalous discharge of hydrogen due to the presence 
of NaNOs, the weak field may adjust the energy of ionizing 
Na+ to Na^"^ to match the energy of 8 x 27.2 eV to permit 
a novel reaction of atomic hydrogen. 

Another possible explanation for the field dependence of 
the emission of NaNOa versus RbNO? is that the counter 
ion of the former influences the vacuum ionization energiegj 
to a significant extent Thus, the counter ion may mores 
stantially alter the enthalpy of the triple ionization rt^ 
of Na"*" to Na*+, especially given the large entha^^ this 
reaction. 



5. Conclusions 

A plasma of hydrogen and a 
crated as recorded via EUV 
Babner and alkali line emii 
plasma formed at low 
atomic hydrogen and, 
siura, rubidium, 
These atoms 





was gen- 
and hydrogen 
isible range. The 
i.g. PS lO' K) from 
ising one of potas- 
carbonates and nitrates, 
to provide a catalyst with a 
net enthalpvpf^^ctio^f an integer multiple of the poten- 
tial energy ^l^^^drogen (m x 27.2 eV m = integer) 
to with^^l^^^ and comprise only a single ionization 
in tH^^8|i^ a potassixmj or rubidium ion. Whereas, the 
H^^^iilar atoms of sodium and sodium and lithium 
iat#and nitrates which do not ionize with these con- 
straiii^aused no emission. EUV radiation from hydrogen 
and alkali Imes emitted by the cell loaded with catalyst and 
operated in hydrogen requires a minimum temperature and 



atomic hydrogen produced by dissociation of molecular hy- 
drogen by the hot filament. The heat from the filament and 
possibly the weak dipole field from the filament may sus- 
tain the hydrogen plasma, but it is not essential because m 
some cases, hydrogen lines or alkali lines were emitted dur- 
ing times when this voltage was set to zero. An anomalous 
afterglow duration of about 1-2 s was recorded in the case of 
potassium, rubidium, cesiimi, K2CO3, RbNOs, and CSNO3. 
These atoms and ions ionize to provide a catalyst with a net 
enthalpy of reaction of an integer multiple of the potential 
energy of atomic hydrogen to within less than the thermal 
energies at « 1 0^ K and involve only a single ionization in 
the case of a potassium or rubidium ion. An electric field of 
about 10 V/cm may be required in order for NaNOs to be 
catalytic. No imusual behavior was observed with the each 
control noncatalyst. 

The release of energy from hydrog^^^as evidenced by 
the hydrogen Lyman and Balmer em^i^iand alkali line 
emission which identifies the P^^^^^Lf P'^^^- 
persistence of emission follov^%ffl^^bval of all of 
the power to the cell indicates^! n^l chemical power 
source is present. ^"^^^^^^ 

Reports of the formaffon oflHovel compounds provide 
substantial eviden^^gi^^^i^' a novel reaction of hy- 
drogen as the Tn^a^rg^ofthc observed EUV emission, 
anomalous disoha^if an3'" anomalous afterglow duration. 
Novel hy^fee&on^unds have been isolated as prod- 
ucts of the'^^ion of atomic hydrogen with atoms and 
ion§sidentifie^& catalysts in the reported EUV studies [6 
;1 inorganic alkali and alkaline earth hydrides of 
MH' and MH'X wherein M is the metal, X, 
ly negatively charged anion, and H* comprises a 
high binding energy hydride ion were synthesized 
^ high temperature gas cell by reaction of atomic hy- 
drogen writh a catalyst such as potassium metal and MH, 
MX or MX2 corresponding to an alkali metal or alka- 
line earth metal compound, respectively [18^i;31]. Novel 
hydride compounds were identified by (1) time of flight 
secondary ion mass spectroscc^y which showed a domi- 
nate hydride ion in the negative ion spectrum, (2) X-ray 
photoelcctron spectroscopy which showed novel hydride 
peaks and significant shifls of the core levels of the pri- 
mary elements bound to the novel hydride ions, (3) proton 
nuclear magnetic resonance spectroscopy (NMR) which 
showed extraordinary upficld chemical shifls compared 
to the NMR of the corresponding ordinary hydrides, and 
(4) thermal decomposition vrilh analysis by gas chromato- 
graphy, and mass spectroscopy which identified the com- 
poimds as hydrides. The implications arc that a vast new 
energy source and a new field of hydrogen chemistry have 
been discovered. 
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Abstract 




We repoit the observation of intense extreme ultraviolet (EUV) emission from incandesc^y h^d atomic hy*ogen and 
atomized strontinm. It has been reported that intense EUV emission was observed atM^^^Sres (e.g. « I(r K) from 
atomic hydrogen and certain atomized elements or certain gaseous ions which io^^^^^r multiples of the potential 
energy of atomic hydrogen, 27.2 eV [1-5]. Strontium ionizes at integer multip]gg|tB^ta?!ial energy of atomic hydrogen. 
Typically the emission of extreme ultraviolet light from hydrogen gas is achiei^J^ dj^argc at high voltage, a high-power 
inductively coupled plasma, or a plasma created and heated to extreme lemp^^es by RF couplmg (e.g. > 10 K) with 
confinement provided by a toroidal magnetic field. The observed plaggj^rmed^ low temperatures (e.g. « lO' K) from 
atomic hydrogen generated at a tungsten filament that heated a titani^^isS^iator and atomic strontium which was vaporized 
from the metal by heating. No emission was observed when ^iil^pi^esium, or barium replaced strontium or with 
hydrogen or strontium alone. The power balance of a gas c^^^g^fftozed hydrogen and strontium was measured by 
integrating the total light output coirccted for spectromet^rsM^|^se and energy over the visible range. A control ccH 
was identical except that sodium replaced strontium. In^^^se^^|Pf> times the power of the strontium cell was required in 
order to achieve that same optically measured light^>utl^gr. A plasma fomed at a cell voltage of about 250 V lo the 
cell with hydrogen alone and in the cell with hymgS ™d sSium; whereas, a plasma formed in the strontium cell at the 
extremely low volUge of about 2 V. © 2000jB>^|i«>n3Assodation for Hydrogen Energy. Published by Elsevier Science 
Ltd. All rights reserved. 




1, Introduction 

A historical rootivatipra^8^ EUV emission from 
a hydrogen gas was tj&^the^>ectrum of hydrogen was 
first recorded h^^Stc^ii^/0bown source, the Sun [6]. 
Developed sourct tha^)rovide a suitable intensity are 
high- voltage ^s ^&tefi^ mtchrotron, and mductively cou- 
pled plas^^figTOors [7]. An important variant of the later 
type G^S^^Wtokomak [8]. Fujimoto ct al. [9] have 
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determined the cross section for the production of excited 
hydrogen atoms from the emission cross sections for Lyman 
and Balmer lines when molecular hydrogen is dissociated 
into excited atoms by electron collisions. These data were 
used to develop a collisional-radiative model to be used 
in determming the ratio of molecular-to-atomic hydrogen 
densities in tokomak plasmas. Then- results indicate an ex- 
citation threshold of 17 eV for Lyman a emission. Addition 
of other gases would be expected to decrease the intensity 
of hydrogen lines which could be absorbed by the gas. 
Hollander and Wertheimer [10] found that within a selected 
range of parameters of a plasma created in a microwave 
resonator cavity, a hydrogen-oxygen plasma displays an 



0360-3 199/00/$ 20.00 © 2000 Interoational Association for Hydrogen Energy. Published by Elsevier Science Ud. All rights reserved. 
Pll: 80360-31 99(00)00098-7 



t 



HE 1143 



RL Mills et al I International Journal of Hydrogen Energy WO (2000) 000-000 



emission that resembles the absoTption of molecular oxy- 
gen. Whereas, a helium-hydrogen plasma emits a very 
intense hydrogen Lyman a radiation at 121.5 nm which is 
up to 40 times more intense than other lines in the spectrum. 
The Lyman a emission intensity showed a significant 
deviation from that predicted by the model of Fujimoto 
et al. [9] and from the emission of hydrogen alone. 

We report that a hydrogen plasma is formed at low tem- 
peratures (e.g. » 10^ K) by reaction of atomic hydrogen 
with strontium atoms, but not with magnesium, barium, or 
sodium atoms. In the case of EUV measurements, atomic hy- 
drogen was generated by dissociation at a tungsten filament 
and at a transition metal dissociator that was incandescently 
heated by the filament. Strontium atoms were vaporized by 
heating to form a low vapor pressure (e.g. 1 torr). The ki- 
netic energy of the thermal electrons at the experimental 
temperature of « lO' K were about 0.1 eV, and the average 
collisional energies of electrons accelerated by the field of 
the filament were less than 1 eV. (No bjackbody emission 
was recorded for wavelengths shorter than 400 nm.) Stron- 
tium atoms ionize at integer multiples of the potential energy 
of atomic hydrogen and caused hydrogen EUV emission; 
whereas, the chemically similar atoms, magnesium and bar- 
ium as well as sodium, caused no emission. Helium ions 
present in the experiment of Hollander and Wertheimer [10] 
ionize at a multiple of two times the potential energy of 
atomic hydrogen. The mechanism of EUV emission cannot 
be explained by the conventional chemistry of hydrogen, 
but it is predicted by a solution of the Schrodinger equa- 
tion with a nonradiative boundary constraint put forward by 
Mills [11]. 

Mills predicts that certain atoms or ions serve as catalysts 
to release energy from hydrogen to produce an increased 
binding energy hydrogen atom called a hydrino atom having 
a binding energy of 

13.6 eV 

Bmdmg energy = 



where 

1 I 1 

''=2'3'4' 



and p is an integer greater than 1 
where is the radius of the 
predicted to form by reactinj 
with a catalyst having a 

m . 27.2 eV, 

where m is an ii 
the hydrogi 
the hydr ogen 
H (n^ 



. Hydrinos are 
' hydrogen atom 
freaction of about 




rger. ^iSTatalysis releases energy from 
ithSbommensurate decrease in size of 
nan. For example, the catalysis of 
I ) releases 40.8 eV, and the hydrogen 
from OH to ^ Oh. 
energy states of atomic hydrogen are also 
(1) except that 

(4) 



The n = 1 state is the "ground" state for "pure" photon 
transitions (the n — I state can absorb a photon and go to an 
excited electronic state, but it cannot release a photon and 
go to a lower-energy electronic state). However, an electron 
transition from the ground state to a lower-energy state 
is possible by a nonradiative energy transfer such as 
multipole coupling or a resonant collision mechanism. 
These lower-energy states have fractional quantum num- 
bers, n = 1 /integer. Processes that occur without photons 
and that require collisions are common. For example, 
the exothermic chemical reaction of H + H to form 
does not occur with the emission of a photon. Rather, 
the reaction requires a collision vnih a third body, M, 
to remove the bond energy-H -I- H -I- M -+ H2 + M* 
[12]. The third body distributes the energy from the exo- 
thermic reaction, and the end result is the H2 molecule 
and an increase in the temperature of the system. Some 




commercial phosphors are based on 
transfer involving multipole couplinj 
strong absorption strength of Sir 
efficient nonradiative transfer o] 
Mn^"*", are responsible for the si 
cence from phosphors con] 
the n = 1 state of hy< 
of hydrogen are noi 
nonradiative stati 
transfer, say n 
the electroi^^ii^^ t< 
transfer reaci 
abso] 





diative energy 
example, the 
long with the 
>ra Sb^"^ to 
iganese lumines- 
[13]. Similarly, 
he n = 1 /integer states 
transition between two 
^Ie%ia a nonradiative energy 
fesc cases, during the transition 
lOther electron transition, electron 
inelastic scattering reaction which can 
exaa^nount of energy that must be removed 
drogen at<Mn. Thus, a catalyst provides a net 
lalpy of reaction of m x 27.2 eV (i.e. it absorbs 
where m is an integer). Certain atoms or ions 
catalysts which resonantly accept energy from 
;en atoms and release the energy to the surroundings 
to'clfect electronic transitions to fractional quantum energy 
levels. 

The catalysis of hydrogen involves the nonradiative trans- 
fer of energy from atomic hydrogen to a catalyst which may 
then release the transferred energy by radiative and non- 
radiative mechanisms. As a consequence of the nonradia- 
tive energy transfer, the hydrogen atom becomes unstable 
and emits fimher energy until it achieves a lower-energy 
nonradiative state having a principal energy level given by 
Eqs. (l)and (2). 

J.J. Inorganic catalysts 

A catalytic system is provided by the ionization of / elec- 
trons ftom an atom to a continuum energy level such that 
the sum of the ionization energies of the t electrons is ap- 
proximately m X 27.2 eV where m is an integer. One such 
catalytic system involves strontium. The first through the 
fifth ionization energies of strontium arc 5.69484, 1 1.03013, 
42.89, 57, and 71.6 eV, respectively [14]. The ionization 
reaction of Sr to Sr*^, (/ = 5), then, has a net enthalpy of 
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reaction of 1 88^ eV, which is equivalent to m=7 in Eq. (3), 

188.2 eV + Sr(m) + H j^^j Sr'+ + Se' 

[^^] + 7)^ -;.^]x 13.6 eV, (5) 



+H 



Sr'"^ + 5e" -* Sr(m) + 188.2 eV. 



(6) 



The overall reaction is 

OH 



H 



H [^J^] + + - /I X *3-6 eV. 



(7) 



The energy released during catalysis may undergo inter- 
nal conversion and ionize or excite molecular and atomic 
hydrogen resulting in hydrogen emission which includes 
well-characterized ultraviolet lines such as the Lyman se- 
ries. Lyman a emission was sought by EUV spectroscopy. 
Due to the extremely short wavelength of this radiation, 
"transparent" optics do not exist. Therefore, a windowless 
anangement was used wherein the source was connected 
to the same vacuum vessel as the grating and detectors 
of the EUV spectrometer. Windowless EUV spectroscopy 
was performed with an extreme ultraviolet spectrometer that 
was mated with the cell. Differential pumping permitted a 
high press\ire in the cell as compared to that in the spectro- 
meter. This was achieved by pumping on the cell outlet and 
pumping on the grating side of the collimator that served 
as a pin-hole inlet to the optics. The cell was operated 
der hydrogen flow conditions while maintaining a C( 
hydrogen pressure in the cell with a mass flow coi 

The energy released during catalysis may also 
temal conversion and ionize or excite molecul; 
hydrogen and the catalysts resiJting in visil 
cylindrical nickel mesh hydrogen dissocial 
also served as an electrode to produce 
radial electric field between the di: 
the cylindrical stainless steel g; 
the electrode to achieve a brig^ff li 



over the wavelength ran] 
balance of a gas cell h^^g 
tium was measured 
rected for 



was applied to 
:h was recorded 
^0 ran. The power 
hydrogen and stron- 
the total light ou^ut cor- 
pse and energy over the 
1 was identical except that sodium 
case, 4000 times the power of the 
quired in order to achieve the same op- 
output power. A plasma formed at a 
►ut 250 V in the cell with hydrogen alone 
II with hydrogen and sodium; whereas, a plasma 
strontium cell at the extremely low voltage of 




2. Experimental 

2 J. EUV spectroscopy 

The experimental set up shovm in Fig. 1 comprised a 
quartz cell which was 500 mm in length and 50 mm in 
diameter. A sample reservoir that was heated independently 
using an external heater powered by a constant power supply 
was on one end of the quartz cell. Three ports for gas inlet, 
outlet, and photon detection were on the other end of the 
cell. A tungsten filament (0.5 mm, total resistance ~ 2.5 ft) 
and a titanium cylindrical screen (300 ram long and 40 mm 
in diameter) that performed as a hydrogen dissociator were 
inside the quartz cell. A new dissociator was used for each 
experiment. The filament was 0.508 millimeters in diameter 
and 800 cm in length. The filament was coiled on a grooved 
ceramic support to maintain its shape when heated. The re- 
turn lead ran through the middle of the^fcramic support. 
The titanium screen was electrically floa^p.J&e power was 
applied to the filament by a Sorenso^^^^power supply 
which was controlled by a cons^JT ^fflc^^troller. The 
temperature of the tungsten filMi&J wa^stimated to be in 
the range of 1 1 00 to 1 500^ 
ature was about 700" C. 'ge hy^ 
the cell was maintain^^t i 



flow rate of 5.5 s( 
20 seem rang* 
readout. Jh^^^Xil 
lation packaj 






about 2 V. 



cell wall temper- 
»gen gas pressure inside 
mtOTT with a hydrogen 
lie^y a MKS 11 79A2 1 CS I BB 
Titroller with a MKS type 246 
qua^ cell was enclosed inside an insu- 
>rised of Zircar AL-30 insulation. Sev- 
oiiples were placed in the msulation to 
key temperatures of the cell and insulation. The 
were read with a multichannel computer data 
system. 

present study, the light emission phenomena was 
led for hydrogen, argon, neon, and helium alone; hydro- 
gCTi with strontitmi, magnesium, barium, and sodium metals, 
and strontium alone. The pure elements of magnesium, bar- 
iiun, and strontium were placed in the reservoir and volatized 
by the external heater. Magnesium with a low vapor pres- 
sure (higher melting point) was volatilized by suspending a 
foil of the materia! (2 cm x 2 cm x 0.1 cm thick) between 
the filament and a titam'imi dissociator and heating the test 
material with the filament. The power applied to the filament 
was 300 W in the case of strontium and up to 600 W in die 
case of magnesium, barium, and sodium metals. The volt- 
age across the filament was about 55 V and the cmrent was 
about 5.5 A at 300 W. Fot the controls, magnesium, barium, 
and sodium metals, the cell was increased in temperature to 
the maximum permissible with the power supply. 

The light emission was introduced to an EUV spec- 
trometer for spectral measurement. The spectrometer 
was a Mcpherson 0.2 m monochromator (Model 302, 
Seya-Namioka type) equipped with a 1200 lines/mm 
holographic grating. The wavelength region covered by 
the monochromator was 30-560 ran. A channel electron 
multiplier (CEM) was used to detect die EUV light. The 
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Turbo 

Gas inlet pump 




Photon Detector 
CEM or PMT 



Fig- 1. The experimental set up comprising a gas cell light source and an EUV spectrometer which was differenrijj^y pumped. 



Nickel 
electrode 



High voltage 
iFurnace. feed-through 
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Collimating 
lens Quartz rod 
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9.21 cm X 14.5 cm 



Gas fill/vacijunn 



Optfcal fiber 
100 micron 



ThermoWell 



Fig. 2. Cylindrical stainless-steel gas cell 



wavelength resolution was about 1 
entrance and exit slit width 
inside the monochromator wi 
torr by a tuibo pump, 
the cell emission with 
about the point of the 

TheUV/VIS 
with hydrogOT 
tube (PMT) 




Axiat electrode . 
5.72 cm x;7;2 crii 



with hydrogen alone, or with hydrogen with strontium or sodhrni. 



with an 
vacutim 
low 5x10"** 
(40-160 nm) of 
;ent was recorded at 
.yman a emission, 
nm) of the cell emission 
ic recorded with a photomultiplier 
salicylate scintillator. The PMT 



(Model B^s ag jBtomamatsu) used has a spectral response 
in the^^^* l8S- 680 nm with a peak efficiency at about 
4Q^nin!^^5fen mtcrval was 0.4 nm. The inlet and outlet 
slif^^jR-500 Jim. 

'Th€^r/V}S emission from the gas cell was channeled 
into the UV/VIS spectrometer using a 4 m long, five stand 



fiber optic cable (Edmund Scientific Model #E2549) hav- 
ing a core diameter of 1958 ^m and a maximum attenuation 
of 0.19 dB/m. The fiber optic cable was placed on the out- 
side surface of the top of the Pyrex cap of the gas cell. The 
fiber was oriented to maximize the collection of light emit- 
ted from inside the cell. The room was made dark. The other 
end of the fiber optic cable was fixed m an aperture man- 
ifold that attached to the entrance aperture of the UV/VlS 
spectrometer. 

2.Z Power cell apparatus and procedure 

Plasma studies with hydrogen alone or hydrogen with 
strontium or sodium were carried out in the cylindrical 
stainless-steel gas cell shown in Fig. 2. The experimental 
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Fig. 3. The experimental setup for generating a glow discharge 
hydrogen plasma and for optically measuring the power balance. 



setup for generating a glow discbarge hydrogen plasma 
and for optically measuring the power balance is shown in 
Fig. 3. The cell was heated in a 10 kW refractory brick kiln 
(L & L Kiln Model JD230) as shown in Fig. 3. The kite had 
three heating zones and a heated floor that were each heated 
by separate radiant elements. The zone temperatures were 
independently controlled by a Dynatrol controller using 
the temperatures read by 3 type-K thermocouples located 
adjacent to the kiln inner wall. The cell was evacuated and 
pressurized with hydrogen through a single 0.95 cm fe( 
through. The discharge was started and maintained hy^ 
alternating current electric field in the 1 .75 cm armula 
between an axial electrode and the cell wall. The c^ 
cell was 9.2 1 cm in diameter and 1 4.5 cm in 1 
electrode was a 5.08 cm OD by 7.2 cm loirg 
tube wound with several layers of nickel sc^^FhaDver- 



all diameter of the axial electrode 
1.6 mm thick UV-gradc sapphire 
view diameter f^ovided a visiblj 
cell. The viewing direction 
1.27 cm diameter stain! 
furnace wall and conn^ 
cell wall at mid 
from the sapphi] 
mm quartz 





cm. A 
cm 

from inside the 
tTUie cell axis. A 
^sed through the 
;w port welded to the 
ide an optical light path 
furnace exterior. An 8 
the light from the view port 



tube to a collimating lens which 
jX) )im optical fiber located outside the 
lata were recorded with a visible spec- 
Optics S2000) and stored by a personal 

voltage was controlled by a variable voltage 
transfomier operating from 115 VAC, 60 Hz. A step-up 



transformer was used when necessary. True rms voltage 
at the axial electrode was monitored by a digital multime- 
ter (Fluke 8010 A or Tenma 726202). A second multime- 
ter (Extech 380763) in series with the discharge gap was 
used to indicate the current. The cell temperature was mea- 
sured by a thermocouple probe located in the cell interior 
approximately 2 cm from the discharge gap. The pressure 
in the hydrogen supply tube outside the furnace was moni- 
tored by 10 and 1000 torr MKS Baratron absolute pressure 
gauges. In the absence of hydrogen flow, the hydrogen sup- 
ply tube pressure was essentially the cell hydrogen partial 
pressure. 

Strontium (Aldrich Chemical Company 99.9%) or 
sodium (Aldrich Chemical Company 99.95%) metals were 
loaded into the cell imder a dry argon atmosphere. The cell 
was evacuated with a tuibo vacuinn pump to a pressure 
of 4 mtorr during most of the heating process. During the 
heat-up the cell was periodically pressuriz^ with hydrogen 
(99.999% purity) to approximately 
quently evacuated to purge gas( 
system. When the cell tempera) 
added until the steady pressi^e 
The field voltage was ii 
which was confirmed 
visible light emitted 
was adjusted as ^^h^ 
emission froj 
minimum 
data acquisiti 
Glf^j^ischaf] 

tei 







t^ and subse- 
its fit>m the 
drogen was 
'ximately 1 torr. 
'akdown occurred 
:trometer response to 
The hydrogen pressure 
le to maximize the light 
oltage was maintained at the 
!ted in a stable discharge during 



were formed in pure control gases to de- 
behavior as fimction of temperature and pres- 
N2, and H2 gases, the starting voltage to form 
large, the voltage to maintain the discharge, and 
ft emitted were studied as a fimction of pressure at 
662 *'C. The discharged was formed in the cylindrical 
stTinless-steel gas cell used for plasma studies with hydrogen 
alone, or with hydrogen with strontium or sodium as shown 
in Fig. 2. The experimental setup was identical to that used 
for generating a glow discbarge hydrogen plasma and for 
optically measuring the power balance as shown in Fig. 3. 
The methods for forming a glow discharge and the proce- 
dure for measuring the voltage and current were as given 
previously. The presence or absence of light emission was 
observed visually. 

After thorough evacuation, the cell was filled to 
the desired pressure with test gas. The electrode volt- 
age was gradually increased until a rush of current (at 
least 3 mA) was observed in the circuit. The greatest 
voltage for which no current flowed was recorded as 
the starting voltage V,. Once a discharge was present, 
the electrode voltage was slowly decreased until the 
current abruptly fell to zero. The lowest voltage for 
which current persisted was recorded as the main- 
tenance voltage. Light emission from the discharge, 
if present, was noted. The results are given in the 
appendix. 
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Table 1 

Reference source calibration data for Ocean Optics S2000 Spectrometer 



(nm) 



(pW/cm^ nm) 


X 

(nm) 


Gat 

(pW/cm^ nm) 


X 

(nm) 


(jiW/cm^ nm) 


0.0036 


400 


0.0194 


650 


0.502 


0.0023 


420 


0.031 


700 


0.697 


0.0020 


440 


0.046 


750 


0.969 


0.002] 


460 


0.065 


800 


1344 


0.OO28 


480 


0.090 


850 


1.9J4 


0.0039 


500 


0.118 


900 


2.742 


0.0057 


525 


0.162 


950 


3.798 


0.0082 


550 


0214 


1000 


4.973 


0.0113 


575 


0:274 


1050 


6.110 


0.0148 


600 


0.342 







300 
310 
320 
330 
340 
350 
360 
370 
380 
390 



2.3, Spectrometer calibration for optical power balance 
measurement 

Only a small portion of the light emission from the source 
was incident upon the spectrometer CCD detector since 
irradiation of the detector was dependent upon optical losses 
between the source and detector. The light of a small solid 
angle ( 1 ) passed through the sapphire window, (2) entered 
the quartz rod, (3) was channeled from the view port through 
the stainless-steel tube to the collimating lens, (4) was fo- 
cused on the 100 optical fiber, (5) was cairied on the 
optical fiber, (6) entered the spectrometer, and (7) ulti- 
mately was incident on the CCD deteclor. Attenuation oc- 
curred at each interface and along each optical element. 
To standardize these factors for the emission of strontixim 
vapor with hydrogen, the control experiments of hydn>-j 
gen alone and sodium vapor with hydrogen were run j 
der identical conditions. Thus, these experiments e 
standard light sources. However, the spectra of ead 
iment was unique. The spectrometer system ( 
ICQ pro optical fiber and the visible specttg 
Optics S20(X)). To correct for the nonunif( 
the spectrometer system as a fimctionj 
the dependence of energy on wavel^ 
calibrated against a reference ligJ 

During the recording of ea^Rp^^njIWie spectrometer 
integration time was adj^fid^paxmize its sensitivity 
as recommended by the^an^tetftr (Ocean Optics). The 
recorded intensity ver^Lwa^Stngth was a rate; thus, it 
was independent^^^e^^^ration time. And, all spectra 
were comparablBsince^ey were acquired such tfiat the 
spectrometer^^s^gjaflg in a linear response range. 

idiation of the spectrometer system Gj 
vavelcngth) was the rate at which en- 
felength interval >l — ^ + d^ was incident on 
Pc entrance of the spectrometer system per unit 
r unit wavelength interval dX. The correspond- 
ing spectrometer response or count rate 5"; (counts/s) was 





3$0 450 SSO 650 750 950 950 

Wavelength (nm) 



Fig. 4. The plot of the reference source count rate 5^. and the 
calibration data Gi,. 



proportional to spectrometer system irradiation, 
Sx=^b,GA. (8) 
The spectral dependence of the proportionality factor bx 
arises from spectral bias of the spectrometer system. The 
radiant flux input to the spectrometer system was obtained 
by calibration with a reference ligjit source (Ocean Optics 
LS-1-CAL) for which the radiant flux was known. The dis- 
tribution of the spectrometer system itradiation by the ref- 
erence light source Gxj[X) was supplied in tabular form by 
Ocean Optics as given in Table 1 . The count rate due to 
irradiation by the reference source was 

Sx,=^bxGx,, (9) 
where Gjj is the spectrometer system irradiation by the 
reference light source. Then the spectrometer system 
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Hydrogen gas only 

Wavelength»121.57 nm 



0 5 t0 15 20 25 30 35 40 45 50 55GO 

Time (mln) 

Fig. 5. The intensity of the Lyman a emission as a function of 
time from the gas cell at a cell temperature of 700° C comprising a 
tungsten filament, a titaniinn dissociator, and 300 mtorr hydrogen 
with 3 flow rate of 55 seem. 



(10) 



(11) 



iiradiation by the source under study was giveij by 

The ratio 

Sir ~ I cts/s 
was the spectral calibration factor for the system. This cali- 
bration approach holds regardless of whether the count rate 
is proportional to radiant energy/time or photons/time. In 
the latter case the proportionality factor accounts for the 
spectral bias of the photons as well as the spectral bias of 
the spectrometer system (i.e. bi includes the factor (Av)"') 
The reference source count rate 5^, and the calibration data 
Gh are plotted in Fig. 4. The spectral bias of the 
tem which favored mid-range wavelengths (550-750 
is clear. Manual calibration of the raw count rate 
carried out using calibration Eq. (10) for the hgrog" 
strontium mixture and background radiation tj 
maining cases, the calibration was done in. 
Ocean Optics spectrometer software OOj 
ible radiant flux incident on the 
given by 

G= Gx{X)dX, 

JJt=400iini 

where G^iX) is the spe<Ua1 
each a rate, thus. jtlaaL^ 
time. iw^ ^ 




Gi, Si, and G were 
ident of the integration 




roscopy 



The'^fl without any test material present was run to es- 
tablish the baseline of the spectrometer. The intensity of the 




Fig. 6. The UV/VIS spectrum (40-560 nm) of the cell emission 
from the gas cell at a cell temperature of 700** C con^rising a tung- 
sten filament, a titanium dissociator, and 300 mterr hydrogen with 
a flow rate of 55 seem that was recorded w^ra^hotoroultiplier 
tube (PMT) and a sodium salicylate scintilra 
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Fig. 7. The intensity of the Lyman a emission as a fimction of 
time from the gas cell at a cell terapeiBture of 700"*C comprising a 
tungsten filament, a titanium dissociator, sodium metal vaporized 
from the catalyst reservoir, and 300 mtarr hydrogen with a flow 
rate of 53 seem. 

Lyman a emission as a function of time from the gas cell 
at a cell temperature of TOO'C comprising a tungsten fila- 
ment, a titanhim dissociator, and 300 mtcrr hydrogen with 
a flow rate of 5.5 seem is shown in Fig. 5. The UV/VIS 
spectrum (40-560 mn) of the emission from the gas cell 
at a cell temperature of VOO'C comprising a tungsten fila- 
ment, a titanium dissociator, and 300 mtorr hydrogen with a 
flow rate of 5.5 seem is shown in Fig. 6. The spectrum was 
recorded with a photomultiplier tube (PMT) and a sodiuro 
salicylate scintillator. No emission was observed except for 
the blackbody filament radiation at the longer wavelengths. 
No emission was also observed when argon, neon, or heliimi 
replaced hydrogen. 

The intensity of the Lyman a emission as a function of 
time from the gas cell at a cell temperature of 700 C com- 
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Fig. 8. The intensity of the Lyman a emission as a fiinctton of time from the gas cell at a ceJJ 
filament, a titanium dissociator, barium metal vaporized fiom the catalyst reservoir, and^n • 

prising a tungsten filament, a titanium dissociator. sodium 
or barium metat in the catalyst reservoir, and 300 mtorr 
hydrogen with a flow rate of 5.5 seem are shown in Figs. 7 
and 8, respectively. Sodium or barium metal was volatized 
fhMn the caulyst reservoir by heating it with an externa^ 
heater. No emission was observed in either case. The 
imum filament power was over 500 W. A metal 
foraied in the cap of the cell over the course of ' 
mcnt in both cases. 

The intensity of the Lyman ot emissii 
tion of lime from the gas cell at a eel 
700"*C comprising a tungsten filamj ^ 
sociator, a magnesium foil in 
metal in the catalyst 
with a flow rate of 5.5 sc( 
10, respectively. The 
suspending a 2 cm x 
the filament and the 
foil with the fil 
the magnesium 
ment pow« 
increase 
ature 



^^re'fe^O'^C comprising a tungsten 
[cn with a flow rate of 5 J seem. 





Figs. 9 and 
'as volatilized by 
thick foil between 
issociatOT and heating the 
ission was observed with 
hydrogen. The maximum fila- 
Thc temperature of the foil 
power. At 500 W, the tempcr- 
}0°C which would cwrespond to 
of about 100 mtorr. Strontium metal was 
jm the catalyst reservoir by heating it with an 
exterin^B^ter. Strong emission was observed from stron- 
tium and hydrogen. The EUV spectrum (40-160 nm) of 




■nme(rrUn) 

Fig. 9. The intensity of the Lyman a emission as a function of 
time fiom the gas cell at a cell leropcrature of 700** C comprising 
a tungsten filament, a titanium dissociator, a magnesium foil, and 
300 mtoiT hydrogen vnih a flow rate of 5 J seem. 



the cell emission recorded at about the point of the maxi- 
mum Lyman o emission is shown in Fig. 11. No emission 
was observed when hydrogen was stopped. A metal coat- 
ing formed in the cap of the cell over the course of the 
experiment in the case of magnesium and strontium. 
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Ttme (mln) 

Fig- 10. The intensity of the Lyman a emission as a function of 
time from the gas cell at a cell temperature of 700°C comprising a 
tungsten fibment, a titanium dissociator, strontium metal vaporized 
from the catalyst reservoir, and 300 mtorr hydrogen with a flow 
rate of 5.5 seem. 



Sr 




Wavelength (nm) 

Fig. 11. The EUV spectrum (40-160 nm) of the cell emisi 
recorded at about the point of the maximum Lyman a emig 
from the gas cell at a cell temperature of 700* C conn 
tungsten filament, a titanium dissociator, strontium metal feponz^ 
from the catalyst reservoir, and 300 mtorr hydro^ ' 
rate of 5.5 seem. 



5.2. Optically measured power bah 



Count rate and spectromi 
background spectnim of hj 
the wavelength range 3 
power apphcd to theeli 
charge is shown o^f. 1 
cell 

gen at a cell' 




idiation of the 
ontium vapor over 
nm in the absence of 
d in the absence of a dis- 
data were collected during 
le test with strontium and hydro- 
of 664°C. The maximum visible 



7cm^ nm occurred at the red end of 
. The total visible radiant flux incident 
feetcr system over the visible range 400 ^ 
I was given by Eq. (12). The integral was ap- 
proxiriKfretTby rectangles with panel width = 0.342 nm. 
The results are summarized in Table 2 where T is the tcm- 
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Fig. 12. Count rate and spectrometer system irradiation of the 
background spectrum of hydrogen and strontium vapor over the 
wavelength range 350 ^ -1 < 750 nm in th^sence of power 
applied to the elediwic and in the absence o^djg^harge. 



pcrature, Ayd is the hydrogeiijpa] 
equilibrium metal vapor 
curves of the vapor pr< 
[15]. 

Power was a] 
plasma in hydn 
sodium va] 
In each cas^ 
system^ifis rec(^ 




, and Pv is the 
1 from standard 
Ifunction of temperature 



electrode to achieve a bright 
in hydrogen with strontium or 
itures in the range 335-664 C. 
spectral radiant flux at the spectrometer 
The power driving the hydrogen alone 
n plus sodiimi vapor controls was adjusted such 
spectrometer system spectral radiation was 
"w/cm^ nm in each case. The integrated visible 
on levels (0.40 to 2.08 nW/cm^) were of the same 
of magnitude despite the differences in frequencies of 
the spectral lines recorded by the spectrometer system in the 
strontium case versus the controls. 

The power required to maintain a plasma of eqiiivalent 
optical brightness with strontium atoms present was 4000 
times less than that required for the controls. For example, 
a driving power of 33,7 W was necessary to achieve a total 
visible radiant flux of about 1 |iW/cm^ from a sodium hy- 
drogen mixture; whereas, 8.5 mW formed a plasma with the 
same optical brightness in the case of a strontium hydrogen 
mature. A plasma fonued at a cell voltage of about 250 V 
in the cell with hydrogen alone and in the cell with hydro- 
gen and sodium; whereas, a plasma formed in the strontnmi 
cell at the extremely low voltage of about 2 V. The results 
are summarized in Table 2. 

The cotmt rate and the spectrometer system irradiation 
for a mixture of strontium vapOT and hydrogen at 664 C is 
shown in Fig. 13. Optimal light emission was observed af- 
ter several hours of cell evacuation. The hydrogen partial 
pressure was unknown under these conditions. The calcu- 
lated equilibrium vapor pressure of strontium at 664 C is 
approximately 270 mtoir. The measured breakdown volt- 
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Table 2 

Discbarge conditions and comparison of the driving power to achieve 


a total visible radiant flux of about 


nW/cni^ 






T 

CC) 


(Torr) 


(Ton)" 


Voltage 
(V) 


Ourent 
(mA) 


Integration 

Time** 

(ms) 


G 

(uW/cm^) 


Power 
(W) 


Hj + Sr 

H2 

H2 +Na 
Hj +Na 
Hj +Na 
Bkgnd. 


664 
664 
335 
516 
664 
664 


I.O 
I.O 
1.5 
L5 


0.270 

0.051 
53 
63 

0.270 


2:20 
224 
272 
220 
240 
0 


3.86 
110 
124 
68 
41 
0 


768 
1130 
122 
768 
768 
768 


1.17 
2.08 
1.85 
0.40 
0.41 
0.20 


0.0085 
24.6 
33.7 
15.0 

9.84 

0 


■Calculated [15]. 



is independent of the integration time since it is a rate. 
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Fig. 13. The count rate and the spectrometer system irradiation 1 
a mixture of strontium vapor and hydrogen at 664°C 



Table 3 

Spectral features of hydrogen and stroutium at i 



. The maintenance voltage for a 
1.2 V and input power was 8.5 mW. 
> axe noted in Table 3. The hydrogen 
F peaks were obscured by strong strontitim 
emlS^psrar 654.7 and 487.2 nm, respectively. 

The'^ctroTncter system irradiation for a hydrogen dis- 
charge at a cell temperature of 664''C and 1 torr is shown in 




350 *00 450 500 550 600 650 700 750 

Wavelength (nm) 

14. The spectrometer system irradiation for a hydrogen dis- 
cbarge at a cell temperature of 664**C and a hydrogen pressure of 

1 tOIT. 

Fig. 14. The breakdown voltage was approximately 220 V. 
The field voltage required to form a stable discharge was 224 
V. The input power was 24.6 W. Spectral features are tabu- 
lated in Table 4. The peak at 589. 1 nm may be due to sodhmj 
contamination from a previous experimental run. The minor 
peaks at 518.2 and 558.7 nm have not been identified. 

The spectrometer system irradiation for mixtures of 
sodium vapor and hydrogen are shown in 
Figs. 15-17 for temperatures of 335, 516, and 664* C, re- 
spectively. Corresponding hydrogen pressures are 1, 1.5, 
and 1.5 torr, respectively. The calculated sodium vapor 
pressure was 51 mtorr, 5.3 torr, and 63 torr at 335, 516, 
and 664*C, respectively. At least 200 V was required to 
maintain a discharge. The input power for a stable dis- 
charge ranged from approximately 10 W at 664 C to 34 
W at 335*'C. Spectral features corresponding to 335**C are 
summarized in Table 5. Strong emission observed near 
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Table 4 

Spectral features of hydrogen at 664" C 



Measured 


Spectrometer 


Published emission 


wavelength 


system 


data [16] 


(rm) 


inBdiation 


(nm) 


(jiW/cm^ tim) 




485.8 


0.0165 


486.13 (H2) 


518.2 


0.00894 




558.7 


0.00694 




589.1 


0.0174 


589.00 (Na). 589.59 (Na) 


656.7 


0.0752 


656-29 (H2) 



g 

I 0.20 

g 0.15 
a 

X) 

I 0.10 
a 

^ 005 



""I"" )Ml.)... 




• - -A — 1. . 


J. 1 .. 



350 400 450 500 550 600 6SO 

Wavelength (ren) 

Fig. 15. The spectrometer system irradiation for 
sodium vapor and hydrogen at 335 C. 



a mixture of 




350 400 450 



500 

Wavelength {nm) 



Fig. 





0.07 








0.06 




0.05 


s 






0.04 


1 




c 
0 


0.D3 






Irra 


0.02 


0 




TS 
« 


0.01 


0 






0.00 



1 " ■ ■ 1 -' ■ " 


1 1 ' ' ". 







350 400 450 



500 550 600 650 700 750 

Wavelength (nm) 

a mixture of 



ira at SSS^C 




Published emisaon 
data [16] 
(nm) 



466.86 (Na) 
486.13 (H2) 

498.28 (Na) 
51534 (Na) 
568.82 (Na) 

589.00 (Na), 589.59 (Na) 
616.07 (Na) 

656.29 (H2). 655.24 (Na) 
656.29 (H2) 



le spectrometer system irradiation for a mixture of 



sodium vapOT and hydrogen at 516 C. 



656-657 nm was probably due, in-part, to hydrogen. The 
relative contribution to the intensity was masked by strong 
sodium emission at a slightly shorter wavelength. The 
peak at 486.2 nm could only be due to hydrogen emission. 
Sodium does not have emission lines in the neighboihood 
of this wavelength. The intensity of this peak dhninishes 
relative to the more prominent sodium peaks with increas- 
ing temperature as shown in Figs. 15-17. This may have 
been due to a decreasing hydrogen concentration as the 
sodium vapor pressure increased. 

The mmiroum starting voltage V,itan determined with a 
variation of the discharge gas pressure and the corresponding 
pressure of the discharge gas defined as Pma are given in 
Table 6. The minimum voltage required to form a plasma 
in hydrogen at 662'C was about 200 V. Gas parameters 
from von Engel [17] and Naidu and Kamaraju [18] shown 
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Table 6 

The minimuro starting vohage Vsj^n determiDed with a variation 
of the discharge gas pressure and the corresponding pressure of 
the discharge gas defined as P^ma 





25°C 




662°C 




Gas 








P nan 




(V) 


(toir) 


(V) 


(tOIT) 


He 


162 


2.20 


145 


7.37 


Nj 


212 


0.4 J 7 


180 


IJ5 


H2 


185 


0.70 


195 


2.44 



in Table 7 indicate a minimmn voltage of 273 V is required 
at 25'*C. Further results of the behavior of glow discharges 
in control gases as a function of pressure and temperature 
are given in the appendix. 



4. Discussion 

In die cases where Lyman a emission was observed, no 
possible chemical reactions of the tungsten filament, the 
dissociatoT, the vaporized test material, and 300 mtorr 
hydrogen at a cell temperature of 700** C could be found 
which accounted for the hydrogen a Ime emission. In 
fact, no known chemical reaction releases enough en- 
ergy to excite Lyman a emission firom hydrogen. The 
emission was not observed with hydrogen alone or with 
helium, neon, or argon gas. Intense emission was ob- 
served for strontium with hydrogen gas, but no emission 
was observed with hydrogen or strontium alone. This re- 
sult indicates that the emission was due to a reaction of 
hydrogen. TTie emission of the Lyman lines is assigni 
to the catalysis of hydrogen which excites atomic 
molecular hydrogen. Other studies support the posj 
of a novel catalytic reaction of atomic hydrogen. Itj 
reported that intense extreme ultraviolet (E 
was observed at low temperatures (e.g. 
atomic hydrogen and certain atomized ele 
gaseous ions [1-5]. The only pure elg 
served to emit EUV were each a cjfi 
the ionization of t electrons i 
energy level is such that the s 
of the t electrons is appro^ piat ^ 
m each are an integerJ 
multiples of the p otoi^ Lcneij 
caused emission^ 

idrariumi 



magnesium 
sion. The cai 
(5)-(7) 
Sr*+, 

1^ e^h1 






t wherein 
r to'a continuum 
nzation energies 
l2 eV where t and 
^oms ionize at integer 
' of atomic hydrogen and 
Tchcmically similar atoms, 
\ well as sodium, caused no emis- 
! for strontium are given by Eqs. 
enthalpy of ioni2ation of Sr to 
has a net enthalpy of reaction of 
i is equivalent to m = 7 in Eq. (3). 
r balance of a gas cell having atomized hydro- 
gen ail^s&ontiiOTi was measured by integrating the total 
light output corrected for spectrometer system response and 



energy over the visible range. A control cell was identical 
except that sodium replaced strontium. In this case, 4000 
times the power of the strontium cell was required in order 
to achieve that same optically measured ligjit output power. 
A plasma foimed at a cell voltage of about 250 V in the 
cell with hydrogen alone and in the cell with hydrogen and 
sodium; whereas, a plasma formed in the strontium eel! at 
the extremely low voltage of about 2 V. The starting and 
maintenance discharge voltages were two orders of magni- 
tude of that predicted by current theory or observed experi- 
mentally as shown in the appendix. 

In the case of a potassium catalyst, a plasma was 
observed when the electric field was set to zero [4,5], 
During the strontium catalysis reaction is given by Eqs. 
(5)_(7)^ the electrons are ionized to a continuum energy 
level. The presence of a low-strength electric field alters the 
continuum energy levels. The electric field in this experi- 
ment was about 2 V over the annular ga^j,^ about 2 cm. A 
weak field may adjust the energy of 
catalyst to match the energy releaw 
it to undergo catalysis to the loj 
words, the electric field may^a' 
the net enthalpies of rcactj 
permit the catalysis reacti 





ig strontiimi 
ogen to cause 
ite. In other 
ly resonance of 
and hydrogen to 



5. Concluaoi 

Intense Et9^|^ission was observed at low temperatures 
(e.g.^jp' KV^m atomic hydrogen and strontium which 
leger multiples of the potential energy of atomic 
gn^e release of energy fi^om hydrogen by the catal- 
ysB r^^ron with strontium atoms was evidenced by the 
lission and by the formation of an optically bright 
la with 4000 times less input power and 2% of the 
voltage of that required to form an equivalent plasma with 
sodium and hydrogen. The energy release must result in a 
lower-energy state of hydrogen. The lower-energy hydro- 
gen atom called a hydrino atom by Mills [U] would be 
expected to demonstrate novel chemistry. The formation of 
novel compounds based on hydrino atoms would be substan- 
tial evidence supporting catalysis of hydrogen as the mech- 
anism of the observed EUV emission. A novel hydride ion 
called a hydrino hydride ion having extraordinary chemical 
properties given by Mills [11] is predicted to form by the 
reaction of an electron with a hydrino atom. Compounds 
containing hydrino hydride ions have been isolated as prod- 
ucts of die reaction of atomic hydrogen with atoms and ions 
identified as catalysts in the present EUV study [1-5,11, 
19-24]. 

Billions of dollars have been spent to harness the energy of 
hydrogen through fusion using plasmas created and heated 
to extreme temperatures by RF coupling (e.g. > 10* K) 
with confinement provided by a toroidal magnetic field. The 
present study indicates that energy may be released from 
hydrogen at relatively low temperatures with an apparatus 
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Table 7 

Gas parameters from von Eogel [17] and Naidu and Kamaraju [18] 



Gas 


A 

(cm"' tOTT-') 


B 

(V/cm torr) 


X/P 

(V/cm ton) 


(V) 


(cm ton) 


0 


N2 
H2 

Air 

COj 

At 

He 

Hg 

Na 


12 
5.4 
15 
20 
12 
3 

20 


342 
139 
365 
466 
180 
34 
370 


100- 600 

20-1000 

i 00-800 

500-1000 

100-600 

20-150 

200-600 


251 
273 
327 
420 
137 
156 
520 
335 


0.67 

1.15 

0.567 

0.51 

0.9 

4.0 

2 

0.04 


3.24 
3.90 
4.94 
6.63 
3.36 
5.06 
10.3 



which is of trivial technological complexity compared to 
a tokomak. And, rather than producing radioactive vk^aste, 
the reaction has the potential to produce compounds hav- 
ing extraordinary properties. The implications are that a vast 
new energy source and a new field of hydrogen chemistry 
have been discovered. Work in progress includes synthe- 
sis and identification of novel compounds, spectroscopy of 
the plasma producing process, and energy balance measure- 
ments. 
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Appendix A. Electrical breakdown and discharge J^^ses 

AJ. Summary of results 

For He, N2, and H2 gases, the stai 
glow discharge, the voltage to mainj 
the light emitted were studied as 
25 and A summary of 



, (Pd)mB, are in good agreement 



1. The starting voltage c 
to the variation in 
theory. The min: 
a pressure del 

2. Forheliunij 
Pj^ was 





imum with respect 
edicted by Townsend 
voltage, Kjmio, occurred at 
•wn in Table 6. 
starting voltage was lower, and 
lat observed for N2 H2. 
itrogen, Vsmm decreases by less than 
in'emperature was increased from 25 to 
2t y^ima is almost independent of tempera- 

Fo^ST, N2, and H2 gases at 25" C, the measured 
values of the pressure-electrode gap spacing product 




d higher pres- 
rven gas, P„i„ 
fer density for 



as a fair pre- 
H2 and a good 



corresponding to Vimr 
with published values. 
For He, N2, and H2 gases, Pmh. shifts to^ 
sure with increasing temperature. F( 
occurs at approximately the same gi 
25 and 662* C, in agreement v^SB 
At room temperature. Towns jfd thi 
dictor of the starting vol 
predictor of Pmia for M 

For He, N2, and H2ga^^a gl^ discharge was observed 
for a range of t^^fe^TO^mfa ■ Light emission was 
greatest for pr^^^^ near P„rin. For pressures sub- 
stantially^^^^^o or substantially less than Pmb, a 
discharg^^Srmda (conducting gas) with little or no 
light emiss^K. 

2 arRonsumed when a discharge was present 
(662'^ This may result from nitride and hydride for- 
ing the discharge. 

leoretical background 

Consider a gas layer of thickness d bounded by plane 
electrodes. The gas pressure is P and the electrode potential 
is V. Electrons are periodically released from the cathode, 
perhaps due to ultraviolet irradiation, by cosmic radiation, 
etc. These primary electrons constitute a small current /o- 
The primary electrons experience numerous collisions as 
they accelerate toward the anode in the electric field. Two 
important types of collision, corresponding to ionization and 
excitation, are 

€- ^N-^e" +N'^+e~, (A.1) 
e- +N -^e' +N\ (A.2) 
where e~, N, N* and TV*" represent an electron, a neutral 
particle, an excited neutral particle, and a positive ion, re- 
spectively. Let a be the number of positive ion/electron 
pairs produced by a primary electron per unit length in the 
field direction, a is Townscnd's first ionization coefficient. 
Ignoring recombination and the formation of negative ions, 
electron multiplication results in the current 
,- = /oe*"' (A3) 
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at the anode [17]. The cxirrent at the anode is balanced by 
positive ions reaching the cathode where they combine with 
electrons and return to the gas as neutral particles. 

Electrons are also released from die cathode due to bom- 
bardment by positive ions and excited neutral particles, and 
due to irradiation by excited particles in the gap [25]. These 
secondary electrons are accelerated in the field and result 
in electron multiplication just as the primary electrons. 
Eq. (A.3) for I ignores these secondary electrons. For sim- 
plicity, assume that the secondary electrons are produced at 
the cathode by positive ion impact alone. Denote by y the 
number of secondary electrons produced by a positive ion 
arriving at the cathode. Common gases and cathode ma- 
terials result in 0.001 <y< 0.1, approximately, y is 
Townsend's second ionization coefficient. The current at 
the anode including multiplication by secondary electrons 
is [17] 



, = . (A.4) 

In this equation for current growth, the ionization coeffi- 
cients for a particular gas and cathode material at a fixed 
temperature are fimctions of the field strength 

(A.5) 



(A.6) 



and the gas pressure. More precisely 

The physical basis for these relationships follows from the 
relationship between the mean free path of an electron i 
the gas, Ae, and the gas pressure 



1 collisions 

^ ~ distance traveled 

collisions 

^ distance traveled in field direction' 
The second proportiMiality follows fro] 
random velocity to drift velocity, v/x 
interpretations for a/P and X/P 
of a and X: 
a_ iom'zatioDS 
P~ collision 



X _ potential^ 
P ~ collisio 
For a/Py ^ 

c 

wh^^ s^B are constants. The approximation is valid for 
a limjfB^ige of the reduced field strength XfP, shown in 
Table 7. 



(A.10) 

develops a semi-empirical approx- 
(A.11) 



The current growth (Eq. (A.4)) indicates that current mul- 
tiplication in the gas is infinite when 

y(e"'-l)=l. (A.12) 

This is the onset of breakdown. When this condition is 
reached the discharge becomes self-sustaming, requiring no 
flow of primary electrons from the cathode. Breakdown may 
occur for a fixed electrode spacing by increasing V. Intro- 
ducing the fimctional expressions for the ionization coeffi- 
cients and Xs = Vf/d where is the starting or breakdown 
voltage gives 



1. 



(A.13) 



Therefore, the breakdovwi voltage is a fimction of the product 
of the pressure and the electrode spacing, 

K, = /(Pd). • (A.14) 

The product Pd is dn^ectly proportion; 
particles in the electrode gap as sho^ 
down voltage is the same for a g; 
trodes v^ith 1 mm spacing as it ifior tht 
between electrodes with 
number of particles in thi 
for acceleration of ; 



at breakdown is alj 
From the ideal 

by 





[C number of 
The break- 
'ecn elec- 
le gas at 1 torn 
each case, the 
same, and the potential 
successive collisions 
both cases, 
gas number density is given 



(A.15) 



ivogadro's number, T is the absolute tempera- 
the ideal gas constant. The mmiber of particles 
lectrodes of unit area is 

(A.16) 



p. Therefore, Pd is proportional to the number of particles 

between electrodes of unit area at a fixed temperature. Gen- 
eralizing the fimctional relation (Eq. (A.14)) to account for 
temperature variations results in 

V, = f{nd). (A.17) 

An approximation for the fimction / of Eq. (A.I4) which 
ignores the temperature dependence is found by making the 
follovnng substitutions mto Eq. (A.13): (I) y given by Eq. 
(A.7) where Xs = Vs/d in Eq. (A.7) and the dependence of 
y on X/P is ignored and (2) / 1 given by Eqs. (A.6) and 
(A.11) where jr. = 

y[ciip{Ai?d)e-^f^^^^] - I] == 1. (A.18) 
Rearrangement leads to 
^ B 
P 



]og[^(Pd)/log(l + l/7)] 
for the starting field strength or 
5(Pd) 



(A.19) 



Jog[^(Pd)//?l' 



(A-20) 
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where 

^ = log(l + l/y). 



(A.21) 

This is Paschen's law for the breakdown voltage in a gas 
that holds approximately for Pd < 1 000 cm ■ torr. Because 
logx varies more slowly than x for large jc and more rapidly 
than X for small x, a minimxim value of Ks is expected where 



= 0. 



d(Pd) 

This minimum occurs for 



Pd = {PdW = 



and has the value 



Befi 



(A.22) 



(A.23) 



(A.24) 



S 150 

o 

> 



The minimum in starting voltage occurs because Pd is pro- 
portional to the nxmiber of particles between the electrodes. 
YoT small Pd, few ionizations take place, and the electron 
multiplication is low due to the small number of particles in 
the gap. A large Pd results in closely spaced neutral particles 
so that few electrons acquire sufficient energy for ionization 
between collisions. Measured values of the minimum break- 
down voltage and (Pd)mi„ arc given in Table 7 along with 
the estimate for ^ 

ft 

Paschen's law also predicts that breakdown is impossible 
for values of Pd less than the limiting value (Pd)«,: 

v4(Pd)o. 




light 



Starling voRage (VAC) 

MabHenaiKe wllago (VAC) 

Starting voltage O/DQ. Pascben eq. 
, ' . 



Fig. 18. The 
(Eqs. (A.18H4 
nance voltaga 
of ibe helium^ 



- = I, V, 



(l'd)<»=l=^- 

That is, (Pd)«, is slightly more than one-third^ 
(Pd)x„i„. Raizer [25] notes that breakdown 
for Pd < (Pd)oo, resulting from field 
from the cathode. 



(A.26) 



A.3. Measurements 



The starting voltage wj 
was recorded when 
N2, and H2. Measuremi 
sures at room anij^Hl^ati 
apparatus and s< 
vide the drivl 
of the g! 
tus ai 





Pressure (Torr) 

^^^^orctical (Paschen equatioD 
Phages and the observed mainte- 
^ssion for helium at 25° C as a function 



ice r from the cell axis, ignoring end effects. 



the light output 
discharges in He, 
lade for varying gas pres- 
itures. The experimental 
apparatus and methods to pro- 
measure the voltage and cuirent 
described in the power cell appara- 
tion. 



SiametCT of the stainless-steel cell which 
fon^tfi^uter electrode was Do = 9.2 1 cm. The overall 
diameJSsW the axial electrode was A = 5.72 cm. For an 
electrode potential V, the magnitude of the field strength at 



(A.28) 

r log (Do/A) 

le ratio of the field strengths at the cell wall and the axial 
electrode was 

^ = :^= 0.621. (A-29) 
Xi Do 

Thus, Paschen's law applied since the field strength did not 
vary significantly across the discbarge gap. The mean field 
strength was 

^ (A.30) 

where if = (Do— Df)/2= 1.75 cm was the electrode spacing. 

The observed and theoretical (Paschen equation (Eqs. 
(A.20)-(A.21)) starting voltages and the observed main- 
tenance voltages and light emission for helium at 25 C as 
a function of the helium pressure are shown in Fig. 18. 
The observed starting and maintenance voltages and light 
emission for helium at 662'*C as a fimction of the helium 
pressure are shown m Fig. 1 9. The starting voltage exhibited 
the expected minimimi with respect to pressure variation. 
At higher temperature, the starting voltages near the mini- 
mum were distributed over a broader range of pressure. By 
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Starting voRage (VAC) 
Maintenance vottage (VAC) 



1 10 60 

Pressure (Torr) 

Fig. 19. The observed starting and maintenance voltages and light 
emission for helium at 662^*0 as a function of the helium pressure. 



increasing temperature to 662 °C, the minimum starting 
voltage, Vsmm, was diminished only about 10%. P^my the 
pressure corresponding to the minimum starting voltage, 
was shifted toward higher pressure with increasing tem- 
perature. However, P^m occurred at nearly the same gasj 
number density at 25° C as at 662°C which is in agreemg«^ 
with theory 

At 25**C,(PdXBiD = 3.85 cm torr which waH 
ment with the published value, (Pd)m^^^c^^^^hown 
in Table 7. The difference between jl^ fefi Mid main- 
tenance voltage increased for jn^^rCTrereater than Pmi 
From Fig. 1 8, the Pascben eqiffl|K&|^E>od predictor of 
i»Brin, but it under-predict^Ae^fegToltage by a margin 
of 10-40%. The discr<^!^^E3%asked m Fig. 18 since 
the peak voltage was j ^ctOT J* V2 greater than the ims 
value shown. Sii^flfrenfc^^Jcdown, a glow discbarge 
was observed raiA of pressures about Pam- Light 
emission frofflfcfe^^^fge was greatest for pressures very 
near fmrffe^^ges significantly lower than Pnm., a dis- 
rbflTP<^ihra!^^riS^ ( conducting gas) with little or no light 
eT^si^leJ^stilar effect was observed for pressures sub- 
st an ^^ j^ ater than Pmm- 

ThS^^erved and theoretical (Paschen equation 
(Eqs. (A.20) -<A.21 )) starting voltages for nitrogen at 25° C 




SrartSng voltage <VAC): 25 deg. C 
Staitino voltage (VAC): 662 deg. C 
Starting vottage {VDC):25deg. C, Pascben eq. 
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Pressure (Torr) 





theoretical (Paschen equation 
irtinf^oltages for nitrogen at 25° C as a 
pT^^re and the observed starting voltages 
as a function of the nitrogen pressure. 



of the nitrogen pressure and the observed 
ges for nitrogen at 662** C as a function of 
pressure are shown in Fig. 20. The qualitative 
of the breakdown process and the discharge were 
those of helium. The variation of and Anb with 
temperature and the variation of light emission with pres- 
sure were similar. The mmimtmi starting voltage was 35 
-50 V higher than that of helium, and Prah. was smaller. At 
25'*C, (Pd)mi„ = 0.73 cm torr while from Table 7 (PdXnh. = 
0.67 cm tonr. The Paschen equation was again a good 
predictor of Pmh,. For nitrogen, the starting voltage was also 
reasonably well predicted except near Pmh,- The Paschen 
equation under-predicted the starting voltage by 15-20% 
when the nitrogen pressure was near P^m considering that 
the actual voltage peaks exceeded the rms voltage by the 
factor V2. The gas number densities at P = Pmn were in 
the ratio 

"^''c ^ , Q3 (A.32) 

At 662° C, the nitrogen pressure decreased steadily whenever 
a discharge was present in the cell. Perhaps the increased 
frequency of nitrogen ion collisions with the electrode sur- 
faces enabled the formation of nitride compoimds. 

The observed and theoretical (Paschen equation (Eqs. 
(A.20)-(A.21 ) ) starting voltages for hydrogen at 25*'C as a 
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StarSng voRage (VAC): 25 deg. C 

Starting wllago (VAC): 662 deg. C 

Starting voHago (VDC): ZSdeg. C, 
Paschen 6f\. 



Pressure (Ton) 

Fig. 21. Tbe observed and theoretical (Paschen equation (Eqs. 
(A.I8)~{A.19) ) starting voltages for hydrogen at 25" C as a func- 
tion of the hydrogen pressure and the observed starting voltages 
for hydrogen at 662° C as a function of the hydrogen pressure. 



function of the hydrogen pressure and the observed starting 
voltages for hydrogen at 662° C as a function of the hydrogen 
pressure are shown in Fig. 21. Tbe minnnum starting volt- 
ages were similar to those observed for nitrogen. Howev^ 
the variation of Vs with pressure differed from the beha^^ " 
observed for He and N2. A local minimum was ohsmg^ m 
the relation at a pressure slightly below Pmm^is bqj 
havior may result from strong variation of the s* 
tion coefficient y for hydrogen near X/P ^ 
[26]. Also, the broadening effect and the 
vnth increased temperature were 
of hydrogen. In fact, the minimum 
served to increase slightly with ' 
N2, the K, curve vras shiflei 
increasing temperatiu-e 
sity. The number densi] 




case 
ige was ob- 
vnth He and 
pressure with 
e the number den- 



^^^1.11 



(A.33) 



a--predicted P„>m, but it predicted 

: reasonably well for pressures greater 
! mS&sured value (Pd)„,h, = 1.23 cm torr at 
►in good agreement with 1.15 cm torr given 
Jas with nitrogen, the hydrogen pressure de- 
Sdily when a discharge was present. This effect 
was observed in hydrogen both at elevated temperature and 



^t J Hydrogen 

a hydrogen 
>gen-potassium 
'al of heater power. 



at room temperature. The pressure may have decreased due 
to hydride formation. 
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steps. FirstrtBe tote^jJ;^jca^ 
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ihg- Jona^^-thc fidd 

ijva- all tlit modw ptf %nh vcflume^ aiaj^fe tSe 
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The integral over aD angles brings in a factor of o, i.e., <a/i 
can now be interpreted as containing the acccicratioii (bm 
not evaluated with respect to retarded tiiric) . The analysis 
brings in the retarded time naturally, no factor 
1 — (B * n )/c appears in the expression for £i (r, t). Final- 
ly we obtain the well-known far field as a function of7 and 

n. THE SOURCE AND ITS FOURIER 
TRANSFORMS 

Consider a charged particle of charge q and position 
ro(0- The charge denaty of the particle is described by 

where d{T - r©) is the spatial unit impulse function. The 
current density is 

7{r^)=q%it)SXf -r^it)] . (2) 
The spatial Fourier transform represents the current jien- 
. .sity as a superposition of spatial exponentials, exp — ik * r. 

7iM J J jd^qMOSlr - 7o(0 le- " 



- • To 



The full space-time Fourier transform is of course. 

The inverse Fourier transform is 

7(7^) ^ {£f j da> j j J dkm^)e--^e^ ' ^ • 

in. THE ELECTROMAGNETIC FIELD 

The electric field obeys the vector wave equation 



a/ 



(3) 



(4) 



(5) 



(6) 



W« retain fiie Fourier transfoiiri wi^ respect to time 
Mid thus not carry out the integration over ta. But we shall 
fociB wi a spectral width d& of the fidd and thus write 
4o^:expresaDns for Ej_(f^)ido/2ir). Wt separate the 
integrals into an integral over the magnitude of A. and into 
a double integral with respect to the angles ^ and ^ ofk with 
respecttor 

(10) 

The last integral can be carried out by contour integration. 
For jfc • r > 0, the contour must be closed into the negative 
imaginary half plane of k with the result 

da> f I y 6>^ f f diM&sm 0 



The space-time Fourier transform of the vector wave equa- 
tion is 

* X [3t yM(k^) ] -H E{k^) 

= ^iofi^ik/i))^ _(*^> 
In the far field, only the component perpendicular to ^ is of 
interest. Concentrating on this component one has 



with 



3 



(8) 



(9) 




(11) 

This expression may be rewritten in a way that lends itself 
to an appealing interpretation. The density of (linearly po- 
larized) modes per unit volume and unit solid angle p(6>, 
n)is 

With this ^d^titipn, one has 
The fi^J^(^60(<JW^ 

wiac^'^^^/^'^^P^'':^ of (o tbSi m'^cpty the Fomricr 
component of the current are due to tbe density mote 
per unit volume and unit sc^ angle. An unacodcrated 
charge does not radiaU in free space, not because it expen- 
ences no acceleration, but because it has no Fourier oanpo- 
nent 

Indeed, from (3) 

Ak^)^jdtgve-^'^^''^ 

- 2irqv6ic3 -k -v) , 
The only nonzero Fourier components are for 




CO 



0) 

>— , 



(14) 



(15) 



ucos^ c 
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has a Fouriw spectnim 



Vl6) 



:rs^w that the usual cpmsion foj tt^e far ^cld is ol^ 
tained from tht Fourier transform of ( 1^ 



7(X^)=^>.(^cos^a)W.^ VI^fflEEI^CFlELDINSPAC^TlME 



where the J„ s are Besscl funetibns of onier m. These Four- 
l^ jSonTats can, and do. acquire P^^ 
arc equal to the light velocity. For small fcrf on^y m-O 
r^aihs and is appro^mately independent of 

V. INTEGRATION OVER ANGUS 

Starting with (11), we note that the «PJ™*|^^;^" 
. - fi^^r-tinn of 6 whereas the component nX InX^J 

ii.tcgn.tion. We have to mtegra.e an expression 
of the form 



7 ^««i/c)eo» ft- 

1 . (o da ^/<*»/c)»- ^ 

where the\pp«^ lii^i <»> « ignored because 

vSon of*e exponent. With this result mtroduoed m 

(11) one has 



da da t . /esf!.5 



x[sx-f(7"'^)l 



(18) 



Here, n is the direction of the radius vector r. Wc npte now 
STa "aaS of appears in front of the c urr^t ^may 
therefore interpret the source as ^"^"^^^l^^' 
ti^tbou^ne must emphasize Uiat 
_ w> rcpr^ts differentiation with respect to the tmie 
cooTd^^t with respect to retarded time. The mo are 
^^a^edbrthe factor 1 - H • v/c. It seems niore nan^ o 
Ste'the factor to the integration over all the moj^ m 
particular because then C^erenkov radiation pr^tsl^ 
of a mystery Chcrcnkov radiation is produced by an unac- 
^le^KnTde, but since the velocity of Ught is less than 
r thTplrt'lck cu^t can have Fourier components syn- 
chronous with 6,/c.^.^hereeisthe dielectric constant 

of the medium. 

If one introduces (3). one finds from ( 18) 



E, (r,w) 



fixinx7o(/')] 



Xexp + iwl 



The electric field in spacc-time is obtained by the inverse 
Fdiirier transform of ( 19) 

y^Z-J^-^--'----'"^)- '''' 
The factor can be replaced by a differentiation of the 

exponential 

^exp-4-''-^-"-^) 

.^,_l_i.)exp-4-'-^H-^). 

(22) 

In the notation of Jackson, we designate by k the factor 
c 

and by^ thevdocity nornialized by the speed <rfH^t, rj/ 
rfn^^ucing (22) and (23) into (21),andmtegratmgby 
parts over t *, one has 



£i(r,f) 



— ^ y 



(24) 



(19) 



In the far fidd. the time derivative of n is negligible com- 
iar«f^[h Se derivative of Uandro. In thislmnt. it is easy 
to show that' 

d / Hx[nXff(r')n Hxr(n-g)xg] (25) 
1P\ 'k ) 
The integral over all of 

J-exp-..(/-r T-J' 

produces the delta function 



When 
variab] 



r the rc 
I.( 



Introducing these results into (24), gives 



(26) 



variable of integration, the integration gives 



In the present case 

c 
and 

Thus we"have from (26) the final result 
The expression in brackets is evaluated at 



(27) 



(28) 



(2?) 



(30) 



chronous with the hght ^^J^'^^^^^^ 

Cherenkov radiation of particl«movmgin^^ ^ 

i p with light velocities in the medium .\"*"^ ' 
ra;.::::i™enceofthisint^^^^^^ 

not present any ~""P«'«''ff!^^^p,oduces a factor of 
for E, (r^) ida>/2ir^ as causeo ojr diffcrenti- 

"t^^ril^fsTtiso makes plausible the app^c?. fe 
Equation (13) aoo tnia. v — (j.ij ofihe plane way? ■ 
£ - /in Poynting's theorem. ^^'^f^'f 
^i,t^wi.ha£l«.ewaveof^^^ 
tionalto/.^^and^M^out^P^^^^^^^^^^^^^^ 

power conservatoon. '._„^, andgs of l«i*Bga5SS^ 

^erposition of plane waves at '/S*'^ "yS^M^^ 

^tpverse Fourier txansformauon of ^^^)|^^^ 
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preution. Further, the <J"i""™ '"^j^t canbesho^ - 
tion' uses as its starting part expressions inai can 

,0 be contained in the present analyse. 



the redded time. Equation (30) is the standard result, 
here written m inks units. 

vn. CONCLUSIONS 
When the radiation field of a char^ p.r^e»e,^-2^ 

ing from Vver the magnitude of the 

SX^^rSnS^tS^Sle Fouler comment of the 
field that has the appearance (13) 
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Abstract 

A novel inorganic hydride compound KHI which comprises a high binding energy hydride ion was synthesized by reaction 
of atomic hydrogen with potassium metal and potassium iodide. Potassium iodo hydride was identified by time-of-flight 
secondary ion mass spectroscopy, X-ray photoelectron spectroscopy, 'H and ^'K. nuclear magnetic resonance spectroscopy, 
Fourier transform infirared spectroscopy, electrospray ionization time-of-flight mass spectroscopy, liquid chromatography/mass 
spectroscopy, thermal decomposition with analysis by gas chromatography, and mass spectroscopy, and elemental analysis. 
Hydride ions with increased binding energies may form many novel compounds with broad applications. © 2000 International 
Association for Hydrogen Energy. Published by Elsevier Science Ltd. All rights reserved. 



1. Introduction 

Intense extreme ultraviolet (EUV) emission was ob- 
served at low temperatures (e.g. < 10^ K) from atomic 
hydrogen and certain atomized elements or gaseous ions 
which ionize at integer multiples of the potential energy of 
atomic hydrogen [1-6]. Based on its exceptional emission, 
we used potassium metal as a catalyst to release energy from 
atomic hydrogen. Mills [7] predicts an exothermic reaction 
whereby certain atoms or ions serve as catalysts to release 
energy from hydrogen to produce an increased binding 
energy hydrogen atom called a hydrino having a binding 
energy of 

13.6 eV 

Bmdmg energy = > (0 

where p is an integer greater than 1 , designated as Hfan/ p\ 
where au is the radius of the hydrogen atom. Hydrinos 
are predicted to form by reacting an ordinary hydrogen 
atom with a catalyst having a net enthalpy of reaction 
of about 

m • 27.2 eV, (2) 

where m is an integer. This catalysis releases energy from 
the hydrogen atom with a commensurate decrease in size of 

"Corresponding author. Tel.: +001-609-490-1040; fax: 
+001-609-*90-1066. 
E-mail address: nnills@blacklightpower.com (R.L. Mills). 

0360-3 199/00/$ 20.00 © 2000 International Association for Hydrogei 
PII: 80360-3199(00)00037-9 



the hydrogen atom, r„ = /iah- For example, the catalysis of 
H(n = 1) to H(/i = i) releases 40.8 eV, and the hydrogen 
radius decreases from an to jAh- 

A catalytic system is provided by the ionization of / elec- 
trons from an atom each to a continuum energy level such 
that the sum of the ionization energies of the t electrons is 
approximately mX 27.2 eV where m is an integer. One such 
catalytic system involves potassium. The first, second, and 
third ionization energies of potassium are 4.34066, 31.63, 
45.806 eV, respectively [8]. The triple ionization (r = 3) re- 
action of K to K^"*^, then, has a net enthalpy of reaction of 
81.7426 eV, which is equivalent to m = 3 in Eq. (2). 

81.7426 eV + K(m) + H j K^"" + 3e~ 

+H [(—^3)] + [(P + 3)' - p']Xn.6 eV, (3) 

K^-^ -f 3e" ^ K(m) + 81.7426 eV. (4) 
The overall reaction is 

(5) 

Potassium ions can also provide a net enthalpy of a mul- 
tiple of that of the potential energy of the hydrogen atom. 

Energy. Published by Elsevier Science Ltd. All rights reserved. 
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The second ionization energy of potassium is 31 .63 eV; and 
K"*^ releases 4.34 eV when it is reduced to K. The combi- 
nation of reactions K"^ to K^^ and to K, then, has a 
net enthalpy of reaction of 27.28 eV, which is equivalent to 
m = 1 in Eq. (2). 

27.28 eV + K^+K-'+H -^K + K^^ 



+H 



+ [(/>+!) eV, 



(6) 



K + K^"" + K"" + 27.28 eV. 

The overall reaction is 



(7) 



(8) 

A novel hydride ion having extraordinary chemical prop- 
erties given by Mills [7] is predicted to form by the reaction 
of an electron with a hydrino (Eq, (9)). The resulting hy- 
dride ion is referred to as a hydrino hydride ion, designated 
asH-(l/;7). 



"[7] 



-He" -*H-(l/p). 



(9) 



The hydrino hydride ion is distinguished from an ordinary 
hydride ion having a binding energy of 0.8 eV. The latter is 
hereafter referred to as "ordinary hydride ion". The hydrino 
hydride ion is predicted [7] to comprise a hydrogen nu- 
cleus and two indistinguishable electrons at a binding energy 
according to the following formula: 



Binding energy = 



1 + 



(10) 

where /; is an integer greater than one, 5 = 5, n is pi, is 
Planck's constant bar, /io is the permeability of vacuum, me 
is the mass of the electron, /ie is the reduced electron mass, 
ao is the Bohr radius, and e is the elementary charge. The 
ionic radius is 



r, = ^(1 V^(7+T)); s=\. (11) 
P ^ 

From Eq. (11), the radius of the hydrino hydride ion 
H~(l/p); /? = integer is I//7 that of ordinary hydride ion, 
H-(l/l). 

A novel inorganic hydride compound KHI which com- 
prises high binding energy hydride ions was synthesized 
by reaction of atomic hydrogen with potassium metal 
and potassivun iodide. Potassium iodo hydride was iden- 
tified by time-of-flight secondary ion mass spectroscopy 



(ToF-SIMS), X-ray photoelectron spectroscopy (XPS), H 
and ^'K nuclear magnetic resonance spectroscopy (NMR), 
Fourier transfomi infrared (FTIR) spectroscopy, electro- 
spray ionization time-of-flight mass spectroscopy (ES- 
ITOFMS), liquid chromatography/raass spectroscopy 
(LC/MS), thermal decomposition with analysis by gas 
chromatography (GC), and mass spectroscopy (MS), and 
elemental analysis. 

AlkaH and alkaline earth hydrides react violently with 
water to release hydrogen gas which subsequently ignites 
due to the exothermic reaction with water. Typically metal 
hydrides decompose upon heating at a temperature well be- 
low the melting point of the parent metal. These saline hy- 
drides, so called because of their salt-like or ionic character, 
are the monohydrides of the alkali metals and the dihydrides 
of the alkaline-earth metals. Mills predicts a hydrogen-type 
molecule having a first binding energy of about 



Binding energy = 



15.5 



eV. 



(12) 



Dihydrino molecules may be produced by the thermal 
decomposition of hydrino hydride ions. H"(|) may be less 
reactive and more thermally stable than ordinary potas- 
sium hydride, but may react at high temperature to form a 
hydrogen-type molecule. Potassium iodo hydride KH(5)I 
may be heated to release dihydrino by thermal decomposi- 
tion. 

2KH(1/2)I ^HJ |^2c' = ^] +2KJ, (13) 

where 2c' is the intemuclear distance and a© is the Bohr ra- 
dius [7]. The possibility of releasing dihydrino by thermally 
decomposing potassium iodo hydride with identification by 
gas chromatography was explored. 

The first ionization energy, IP] , of the dihydrino molecule 



^ H2[2c = ao]^ + e~ 



(14) 



is IPi = 62 eV (p = 2 in Bq. (12)); whereas, the first ion- 
ization energy of ordinary molecular hydrogen, H2[2c = 
Vlao], is 15.46 eV. Thus, the possibility of using mass 
spectroscopy to discriminate H2[2c' = Vlao] from H2 [2c' = 
ao/Vl] on the basis of the large difference between the ion- 
ization energies of the two species was explored. A novel 
high binding energy hydrogen molecule assigned to dihy- 
drino H2 [2c' =ao/\/2] was identified by the thermal decom- 
position of KHI with analysis by gas chromatography, and 
mass spectroscopy. 



2. Experimental 

2.1. Synthesis 

Potassium iodo hydride was prepared in a stainless-steel 
gas cell shown in Fig. 1 comprising a Ti screen hydrogen 



f 
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Fig. I. Stainless-steel gas cell. 

dissociator (Belleville Wire Cloth Co., Inc.), potassium 
metal catalyst ( Aldrich Chemical Company), and KJ ( Aldrich 
Chemical Company 99.9%) as the reactant. The 304- 
stainless-steel cell was in the form of a tube having an in- 
ternal cavity of 359 mm in length and 73 mm in diameter. 
The top end of the cell was welded to a high-vacuum 4 5/8 
in bored through confiat flange. The mating blank conflat 
flange contained a single coaxial hole in which was welded 
a 3/8 in diameter stainless-steel tube that was 100 cm in 
length and contained an inner coaxial tube of J in diameter. 
A silver-plated copper gasket was placed between the two 
flanges. The two flanges are held together with 10 circum- 
ferential bolts. The bottom of the | in tube was flush with 
the bottom surface of the top flange. The outer tube served 
as a vacuum line from the cell and the inner tube served as 
a hydrogen or helium supply line to the cell. The cell was 
surrounded by four heaters. Concentric to the heaters was 
high-temperature insulation (AL 30 Zircar). Each of the 
four heaters were individually thermostatically controlled. 

The cylindrical wall of the cell was lined with two lay- 
ers of Ti screen totaling 1 50 g. 75 g of crystalline KI was 
poured into the cell. About 0.5 g of potassium metal was 
added to the cell under an argon atmosphere. The cell 
was then continuously evacuated with a high-vacuum 
turbo pump to reach 50 mtorr measured by a pressure gauge 
(Varian Convector, Pirrani type). The cell was heated by 
supplying power to the heaters. The heater power of the 
largest heater was measured using a wattmeter (Clarke -Hess 
model 259). The temperature of the cell was measured with 
a type K thermocouple (Omega). The cell temperature was 
then slowly increased over 2 h to 300° C using the heaters 
that were controlled by a type 97 000 controller. The power 
to the largest heater and the cell temperature and pressure 
were continuously recorded by a DAS. The vacuum pump 
valve was closed. Hydrogen was slowly added to maintain 
a pressure within the range of 1 000-1 500 torr. The temper- 
ature of the cell was then slowly increased to 650 C over 
5 h. The hydrogen valve was closed except to maintain the 



pressure at 1500 torr. After 24 h, the temperature of the cell 
was reduced to 400° C at a rate of 15°C/h. The hydrogen 
supply was switched to helium which was flowed through 
the inner supply line to the cell while a vacuum was pulled 
on the outer vacuum line to remove volatilized potassium 
metal at 400° C. The cell was then cooled and opened. 
About 75 g of blue crystals were observed to have formed 
in the bottom of the cell. 

The synthesis was repeated with the exceptfon that the 
hydrogen was slowly added to maintain a pressure within 
the range of 1-10 torr. About 75 g of green crystals were 
observed to have formed in the bottom of the cell. 

2.2. ToF-SlMS characterization 

The crystalline samples were sprinkled onto the surface 
of a double-sided adhesive tape and characterized using a 
Physical Electronics TFS-2000 ToF-SlMS instrument. The 
primary ion gun utilized a ^^Ga"*^ liquid metal source. In 
order to remove surface contaminants and expose a fresh 
surface, the samples were sputter cleaned for 30 s using 
a 40 nm X 40 ^m raster. The aperture setting was 3, and 
the ion current was 600 pA resulting in a total ion dose of 
10" jons/cm^ 

During acquisition, the ion gun was operated using a 
bunched (pulse width 4 ns bunched to 1 ns) 15 kV beam 
[9,10]. The total ion dose was lO'^ ions/cm^. Charge neu- 
tralization was active, and the post accelerating voltage 
was 8000 V. Three different regions on each sample of 
(12 )imf, (18 ^im)^ and (25 ^m)^ were analyzed. The 
positive and negative SIMS spectra were acquired. Repre- 
sentative post sputtering data are reported. 

2.3. XPS characterization 

A series of XPS analyses were made on the crystalline 
samples using a Scienta 300 XPS Spectrometer. The fixed 
analyzer transmission mode and the sweep acquisition mode 
were used. The step energy in the survey scan was 0.5 eV, 
and die step energy in the high-resolution scan was 0.15 eV. 
In the survey scan, the time per step was 0.4 s, and the 
number of sweeps was 4. In the high-resolution scan, the 
time per step was 0.3 s, and the number of sweeps was 30. 
C Is at 284.5 eV was used as the internal standard. 

The binding energies and features of core level elec- 
trons of control KI and the blue and green crystals compris- 
ing the alkali halido hydride KHI were analyzed by XPS. 
XPS analysis was conducted on a Kratos XSAM-800 spec- 
trometer using nonmonochromatic Al Ka (1468.6 eV) ra- 
diation. Samples were crushed in a glove box under argon 
and mounted on an analysis stub with copper tape. A piece 
of gold foil was stuck into the sample for calibration. The 
samples were transferred under an inert atmosphere. A sur- 
vey spectrum was run from 1000 to 0 eV. For quantitative 
analysis, high-resolution spectra were run on core level elec- 
trons of interest, K 2p and I 3d electrons. A high-resolution 
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spectrum of the low binding energy region was also run 
from 100 to 0 eV that corresponded to the survey spectrum. 
Fixed analyzer transmission (FAT) mode was used in all 
measurements. For the survey scan, a pass energy of 320 
eV was employed. A pass energy of 40 eV was used for 
high-resolution scans. In the cases where a charging effect 
was observed, the spectrum was corrected by using a cal- 
ibration of the effect with the Au Afyi peak at 84.0 eV as 
a first standard and the C Is peak at 284.6 eV as a second 
standard. 

2.4. NMR spectroscopy 

' H MAS NMR was performed on the blue crystals. The 
data were recorded on a Bruker DSX-400 spectrometer at 
400.13 MHz. Samples were packed in zirconia rotors and 
sealed with airtight O-ring caps under an inert atmosphere. 
The MAS frequency was 4.5 kHz. During data acquisi- 
tion, the sweep width was 60.06 kHz; the dwell time was 
8.325 )is, and the acquisition time was 0.03415 s/scan. The 
number of scans was typically 32 or 64. Chemical shifts were 
referenced to external tetramethylsilane (TMS). The refer- 
ence comprised KH (Aldrich Chemical Company 99%). 

mas NMR was performed on the blue crystals. The 
data were recorded on a Bruker DSX-400 spectrometer at 
18.67 MHz. Samples were packed in zirconia rotors and 
sealed with autight O-ring caps under an inert atmosphere. 
The MAS frequency was 4.5 kHz. During data acquisition, 
the sweep width was 125 kHz; the dwell time was 4.0 us, 
and the acquisition time was 0.01643 s/scan. The number 
of scans was 96. Chemical shifts were referenced to exter- 
nal KBr (Aldrich Chemical Company 99.99%). References 
comprised KI (Aldrich Chemical Company 99.99%) and the 
KH. 

'H MAS NMR was performed on the green crystals. The 
data were obtained on a custom built spectrometer operating 
with a Nicolet 1280 computer. Final pulse generation was 
from a tuned Henry radio amplifier. The 'H NMR frequency 
was 270.6196 MHz. A 5 us pulse corresponding to a 41° 
pulse length and a 3 s recycle delay were used. The window 
was ±20 kHz. The spin speed was 4.0 kHz. The number of 
scans was 600. The offset was 1541.6 Hz, and the magnetic 
flux was 6.357 T. The samples were handled under a nitro- 
gen atmosphere. Chemical shifts were referenced to exter- 
nal tetramethylsilane (TMS). The reference comprised KH 
(Aldrich Chemical Company 99%) and equivalent molar 
mixtures of KH (Aldrich Chemical Company 99%) and KI 
(Aldrich Chemical Company 99.99%) prepared in a glove 
box under argon. 

2.5. FTIR spectroscopy 

Samples were transferred to an infixed transmitting sub- 
strate and analyzed by FTIR spectroscopy using a Nicolet 
Magna 550 FTIR Spectrometer with a NicPlan FTIR micro- 
scope. The number of scans was 250 for both the sample and 



background. The resolution was 8.000/cm. A dry air purge 
was applied. 

2. 6. Electrospray-ionization- 1 ime-of-fiigh t-mass-spectro- 
scopy (ESITOFMS) 

The data were obtained on a Mariner ESI TOF system 
fitted with a standard electrospray interface. The samples 
were submitted via a syringe injection system (250 ^I'l) with 
a flow rate of 5.0 nl/min. The solvent was water/ethanol ( 1 : 
1 ). A reference comprised KI (Aldrich Chemical Company 
99.99%). 

2. 7. Liquid-chromatographyfmasS'Spectroscopy(LC/MS) 

Reverse phase partition chromatography was performed 
with a PE Sciex API 365 LC/MS/MS System. The column 
was a LC CI 8 column, 5.0 ^m, 150 x 2 nam (Colum- 
bus 100 A Serial #207679). 31.1 mg of blue crystals 
were dissolved in 6.2 ml solvent of 90% HPLC wa- 
ter and 10% HPLC methanol to give a concentration 
of 5 mg/ml. The sample was eluted using a gradient 
technique with the eluents of a solution A (water -I- 
5 raM ammonium acetate -f- 1% fonnic acid) and a solution 
B (acetonitrile/water(90/10)-f 5 mM ammonium acetate + 
0.1% formic acid). The gradient profile was 
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The flow rate was 1 ml/min. The injection volume was l|il. 
The pump pressure was 1 10 psi. 

A turbo electrospray ionization (ESI) and triple-quadrapole 
mass spectrometer was used. The turbo ESI converts the 
mobile phase to a fine mist of ions. These ions are then sep- 
arated according to mass in a quadrapole radio frequency 
electric field. LC/MS provides information comprising (1) 
the solute polarity based on the retention time, (2) quan- 
titative information comprising the concentration based 
on the chromatogram peak area, and (3) compoimd iden- 
tification based on the mass spectrum or mass to charge 
ratio of a peak. The mass spectroscopy mode was posi- 
tive. The selected ion mass to charge ratios (SIM) were 
m/e = 39.0,204.8.370.6,536.8, and 702,6. The dwell time 
was 400 ms, and the pause was 2 ms. The tuibo gas was 
8 1/min (25 psi). 

The controls comprised KI (Aldrich Chemical Company 
99.99%) and sample solvent alone. 

2.8. Elemental analysis 

Elemental analysis was performed by Galbraith Laborato- 
ries, Inc., Knoxville, TN. Potassium was determined by In- 
ductively Coupled Plasma using an ICP Optima 3000. Iodide 



t 



KL Mills et al. I International Journal of Hydrogen Energy 25 (2000) 1185-1203 





20 30 
Mass [m/z] 



60 



iO 80 
Mass [m/z] 




Mass [m/z] 

Fig. 2. The positive ToF-SIMS spectrum (m/c = 0-200) of the blue crystals. 



was determined volumetrically by iodoinetric titration witli 
thiosulfate. The hydrogen was determined by a Perkin-Elmer 
elemental analyzer (# 240) using ASTM D-5291 method 
wherein the sample was combusted in a tube furnace at 
950° C and the water was measured by a thermal conductiv- 
ity detector. The sample was handled in an inert atmosphere. 

2.9. Thermal decomposition with analysis by gas 
chromatography 

The gas cell sample comprised deep blue crystals that 
changed to white crystals upon exposure to air over about a 



two week period. 0.5 g of the sample was placed in a ther- 
mal decomposition reactor under an argon atmosphere. The 
reactor comprised a 1/4" OD by 3" long quartz tube that 
was sealed at one end and connected at the oi>en end with 
Swagelock™ fittings to a T. One end of the T was con- 
nected to a needle valve and a Welch IXio Seal model 1402 
mechanical vacuum pump. The other end was attached to a 
septum iK)it. The apparatus was evacuated to between 25 and 
50 mtorr. The needle valve was closed to form a gas tight re- 
actor. The sample was heated in the evacuated quartz cham- 
ber containing the sample with an external Nichrome wire 
heater using a Variac transformer. The sample was heated 
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Fig. 3, The negative ToF-SIMS spectnim (m/e = 0-200) of the blue crystals. 



to above 600° C by varying the transfonncr voltage supplied 
to the Nichrome heater until the sample melted. Gas re- 
leased from the sample was collected with a 500 \i\ gas tight 
syringe through the septum port and immediately injected 
into the gas chroraatograph. The reactor was cooled to room 
temperature, and a mixture of white and orange crystalline 
solid remained. 

Gas samples were analyzed with a Hewlett Packard 5890 
Series 11 gas chromatograph equipped with a thermal con- 
ductivity detector and a 60 m, 0.32 mm ID fused silica 
Rt-Alumina capillary PLOT column (Restek, Bellefonte, 



PA). The column was conditioned at 200 C for 18-72 h 
before each series of runs. Samples were run at - 196 C us- 
ing Ne as the carrier gas. The 60 m column was run with 
the carrier gas at 3.4 psi with the following flow rates: car- 
rier — 2.0 ml/min, auxiliary — 3.4 ml/min, and reference 
— 3.5 ml/min, for a total flow rate of 8.9 ral/min. The split 
rate was 10.0 ml/rain. 

The control hydrogen gas was of ultrahigh purity (MG 
Industries). Control KI (Aldrich Chemical Company ACS 
grade, 99"^%,) was also treated by the same method as the 
blue crystals. 
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2.70. Thermal decomposition with analysis by mass 
spectroscopy 

Mass spectroscopy was performed on the gases released 
from the thermal decomposition of the blue crystals. One 
end of a 4 mm ID fritted capillary tube containing about 5 
mg of sample was sealed with a 0.25 in. Swagelock union 
and plug (Swagelock Co., Solon, OH). The other end was 
connected directly to the sampling port of a Dycor System 
1000 quadrapole mass spectrometer (Model D200MP, Ame- 
tek, Inc., Pittsburgh, PA with a HOVAC Dri-2 Turbo 60 
vacuum system). The capillary was heated with a Nichrome 
wire heater wrapped around the capillary. The mass spec- 
trum was obtained at the ionization energy of 70 and 30 eV 
at different sample temperatures in the region mfe — 0-50. 
With the detection of hydrogen indicated by a f«/e = 2 peak, 
the intensity as a fimction of time for masses mfe = 1,2,4, 
and 5 was obtained while changing the ionization potential 
(IP) of the mass spectrometer from 30 to 70 eV. 

The control hydrogen gas was of ultrahigh purity (MG 
Industries). 



3. Results and discussion 

3.1. ToF-SlMS 

The positive ToF-SIMS spectrum obtained from the blue 
crystals is shown in Fig. 2. The positive ion spectrum of 
the blue crystals and that of the KJ control are dominated 
by the K"^ ion. The comparison of the positive ToF-SIMS 
spectrum of the KI control with the blue crystals demon- 
strates that the ^'K"*^ peak of the blue crystals may samrate 
the detector and give rise to a peak that is atypical of the 
natural abundance of ^'K. The natural abundance of "'K is 
6.7%; whereas, the observed *'K abvmdance from the blue 
crystals is 73%. The high-resolution mass assignment of 
the m/z = 41 peak of the blue crystals was consistent with 
^'K, and no peak was observed at mjz — 42.98 ruling out 
^'KH^. Moreover, the natural abundance of ^'K was ob- 
served in the positive ToF-SIMS spectra of KHCO3, KNO3, 
and KI standards that were obtained with an ion current 
such that the ""K peak intensity was an order of magni- 
tude higher than that given for the blue crystals. The satura- 
tion of the ^'K peak of the positive ToF-SIMS spectrum by 
the blue crystals is indicative of a unique crystalline matrix 
[11]. 

A small (50 coimts) K "*" m/z — 19.48 ion was only 
observed in the positive ion spectrum of the blue crys- 
tals. Ga+ m/z = 69, Kj" m/z = 78, K(KC1+ m/z = (113), 
1+ m/z = 127, KI"*^ m/z = 166, and a series of positive ions 
K[KJ];|' m/z = (39 + 166n) are also observed. 

The negative ion ToF-SIMS of the blue crystals shown in 
Fig. 3 was dominated by H~ and I" peaks of about equal in- 
tensity. Iodide alone dominated the negative ion ToF-SIMS 
of the KJ control. For both, O" m/z = 16, 0H~ m/z = 17, 
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Fig. 4. The negative ToF-SIMS spectrum (m/e = O-2O0) of the 
green crystals. 
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Fig. 5. The XPS survey scan of the blue crystals obtained on the 
Scienta instrument. 
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Fig. 6. The 0-85 eV binding energy region of a high-resolution XPS 
spectrum of the blue crystals (solid) and the control KJI (dashed) 
obtained on the Scienta instmment. 



CP m/z = 35, KJ" m/z = 166, a series of negative ions 
I[KJ]~ m/z = {127+ I66n) are also observed. 

The positive and negative ToF-SIMS spectrum obtained 
from the green crystals was similar to that obtained from the 
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Table 1 

The results of the binding energies of selected core level electrons, full-width at half-maximum of the peaks, and energy of spin-orbit 
splitting for pwtassium iodo hydrides compared with KJ 


C ompound 


Peak 


Binding 


FWHM 


S-O 


Percentage 




energy (eV) 


(eV) 


Splitting 


(%) 










(eV) 




K] 


K2p3/2 


294.44 


1.84 


2.75 






K 2p|/2 


297.19 


1.79 








13d5/2 


620.37 


2.07 


11.53 






I 3d3/2 


631.90 


2.14 






Potassium 


K2p3/2 


294.44 


1.77 


2.81 


68.8 


iodo hydride 


K 2pi/2 


297.21 


1-69 








K 2p3/2 


292 90 


1.76 




31.2 


(Blue) 


K 2p,/2 


295.77 


1.66 


2.87 




I 3d5/2 


621.01 


2.19 


11.52 






I3d3/2 


632,53 


2.30 






Potassium 


K2p3/2 


294.37 


1.83 


2.77 


58.3 


iodo hydride 


K2p,/2 


297.14 


1.81 








K 2p3/2 


292.51 


1.87 




41.7 


(Green) 


K2p,;2 


295.51 


1.78 


3.00 




I3d5/2 


621.08 


2.17 


11.52 






13d3/2 


632.60 


2.20 







blue crystals except that the hydride ion peak of the negative 
ToF-SIMS spectrum obtained from the green crystals was 
much larger than that obtained from the blue crystals. The 
hydride peak of the green crystals was larger than the iodide 
peak as shown in Fig. 4; whereas, the hydride peak of the 
blue crystals was about equivalent to the iodide peak. These 
results are consistent with the formation of a higher hydride 
content or a higher hydride ion yield in the green crystals 
which may indicate that a higher binding energy hydride was 
formed by running the catalysis reaction at lower hydrogen 
pressure. 

5.2 XPS 

A survey spectrum was obtained over the region = 
0-1 200 eV. The primary element peaks allowed for the de- 
termination of all of the elements present in the blue and 
green crystals and the control KI. The survey spectrum also 
detected shifts in the binding energies of the elements which 
had implications to the identity of the compound containing 
the elements. 

The XPS survey scan of the blue crystals obtained on the 
Scienta instrument is shown in Fig, 5. The major species 
present in the blue crystals and the control are potassium 
and iodide. Small amounts of carbonate carbon and oxygen 



were also identified in the blue crystals. The K 3p and K 
3s peaks of the blue crystals were shifted relative to those 
of the control Kl. The K 3p and K 3s of the blue crystals 
occurred at 17 and 33 eV, respectively. The K 3p and K 3s 
of the control Kl occurred at 17.5 and 33.5 eV, respectively. 
Hydrogen is the only element which does not have primary 
clement peaks; thus, it is the only candidate to produce the 
shifted peaks. 

No elements were present in the survey scan which could 
be assigned to peaks in the low binding energy region with 
the exception of the K 3p and K 3s peaks at 1 7 and 33 eV, re- 
spectively, the O 2s at 23 eV, and the 1 5s, I 4d5/2, and 1 4d3/2 
peaks at 12.7, 51, and 53 eV, respectively. Accordingly, 
any other peaks in this region must be due to novel species. 
The 0-85 eV bindmg energy region of a high-resolution 
XPS spectrum of the blue crystals (solid) and the control 
KI (dashed) obtained on the Scienta instrument is shown in 
Fig. 6. The XPS spectrum of the blue crystals difl'ers from 
that of KI by having additional features at 9.1 and 1 1.1 eV. 
The XPS peaks centered at 9.0 and 1 1.1 eV that do not cor- 
respond to any other primary element peaks may correspond 
to the H~ (n= i ) £b= 1 1 -2 eV hydride ion predicted by Mills 
[7] (Eq. (10)) in two different chemical environments where 
is the predicted vacuum binding energy. In this case, the 
reaction to form H"(n = 1/4) is given by Eqs. (3)-(5) and 



f 



R.L. Mills et al. ! International Journal of Hydrogen Energy 25 (2000) 1185-1203 
"/data/sanple/standard/KKAl) XPS Sp K 2p/l 




300 299 298 297 296 295 294 293 292 291 290 2B9 
Binding Energy / eV 



*'/data/s8i(ipls/JanOO/991130iBunA XPS Sp K 2p/l • 




300 293 298 297 296 295 294 293 292 291 290 289 
Binding Energy / eV 

"/data/sanple/JanOO/991216»wnA XPS Sp K 2p/l 




301 300 299 298 297 296 295 294 233 292 291 290 289 
Binding Energy / eV 



Fig. 7. (A) The XPS spectra of the K 2p core level in Kl. (B) The XPS spectra of the K 2p core level in KHI (blue crystals). (C) The 
XPS spectra of the K 2p core level in KHI (green crystals). 



Eq. (9). The hydride ion H~(« = ^ )£:b = 3.05 eV may also 
be present in the XPS of the blue crystals under the valence 
peak at about 3.5 eV. The reaction to form H~(n = |) is 
given by Eqs. (6)- (8) and Eq. (9). 

The binding energies and features of core level electrons 
of control KI and the blue and green crystals comprising the 
alkali halido hydride KHI were analyzed by XPS. Kratos 
XPS was used to investigate the local structure of KI and 
KHI by studying the metal core level K 2p electrons and the 
iodine core level I 3d electrons. As atomic hydrogen under- 
goes reaction with potassium catalyst to form a lower-energy 
hydrogen species which subsequently reacts with the potas- 
sium center in Kl, alterations in the electronic structure of 
potassium such as changes in core level binding energies 
and spin-orbital energies relative to the starting compound, 
KI, are expected. The results of the determination of the 
binding energies of selected core level electrons, full-width 
at half-maximum of the peaks (FWHM), and energy of 
spin-orbital splitting for the blue and green crystal compris- 
ing KHI compared with KI are listed in Table 1, respec- 
tively. The XPS spectra of the K 2p core level in KI, KHI, 
(blue crystals) and KHI (green crystals) appear in Figs. 7A, 
7B, and 7C respectively. The XPS spectra of the 1 3d core 
level in KI, KHI (blue crystals), and KHI (green crystals) 
appear in Figs. 8A, 8B, and 8C, respectively. 



In contrast to the K 2p core level, the I 3d core level 
FWHM in both compoimds is very similar to KI. Comparing 
the alterations in the K core levels versus the I core level 
indicates that the lower-energy hydrogen species is bound 
to the metal center of KI. This binding influences the metal 
core level with little perturbation of the halogen core level. 

Each of the spectra of potassium iodo hydride were curve 
fit with one spin-orbit splitting component having a similar 
FWHM and energy separation as that of the starting ma- 
terial potassium iodide. An additional spin-orbit splitting 
component had to be added to each potassiimi iodo hydride 
in order to obtain a good curve fit of the K 2p spectra. 
In each case, the second component of spin-orbit splitting 
is assigned to the formation of the alkali metal halido hy- 
dride, KHI. The presence of the novel hydride ion shifts 
the K 2p peaks to lower binding energies relative to the 
corresponding peaks of KI. 

The XPS data clearly indicate a change in the electronic 
structure at the K core level and different bonding in KHI 
relative to that in the corresponding KJ. It strongly suggests 
the formation of a novel metal hydride which is consis- 
tent with the supporting data provided by XPS given above 
and NMR, ToF-SIMS, and gas chromatography/mass spec- 
troscopy given in the respective sections. The change in 
electronic structure is greatest with the green crystals which 
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Fig. 8. (A) The XPS spectra of the 1 3d core level in KJ. (B) The XPS spectra of the 1 3d core level in KHI (blue crystals). (C) 
spectra of the I 3d core level in KHI (green crystals). 



indicates that a higher binding energy hydride is formed by 
running the catalysis reaction at lower hydrogen pressure. 

The XPS survey scan of KI, the blue crystals, and the 
green crystals obtained on the Kratos instnunent are shown 
in Figs. 9A-C, respectively. The 0-100 eV binding energy 
region of a high-resolution XPS spectrum of KJ, the blue 
crystals, and the green crystals obtained on the Kratos in- 
strument are shown in Figs, lOA-C, respectively. Peaks 
centered at 21 and 37 eV which do not correspond to any 
other primary element peaks were observed in the case of 
the green crystals. The intensity and shift match shifted K 
3s and K 3p. Hydrogen is the only element which does not 
have primary element peaks; thus, it is the only candidate to 
produce the shifted peaks. These peaks may be shifted by 
a highly binding hydride ion H"(|) with a binding energy 
of 22.8 eV given by Eq. (10) that bonds to potassium K 3p 
and shifts the peak to this energy. In this case, the K 3s is 
similarly shifted. 

3.3. NMR 

The 'H mas NMR spectra of the control KH and the 
blue crystals relative to external tetramethylsilane (TMS) are 
shown in Figs. 1 1 and 12, respectively. Three distinguishable 



resonances at 3.65, 0.13 and -0.26 ppm, respectively, were 
found in the NMR of KH. The broad 3.65 ppm peak of KH 
is assigned to KOH formed from air exposure during sample 
handling. The peaks at 0.13 and -0.26 ppm arc assigned to 
hydride H. 

Three distinguishable resonances at 0.081, -0.376 and 
-1.209 ppm, respectively, were found in the NMR of the 
blue crystals. A foiuth very broad resonance may be present 
at -2.5 ppm. The peaks at 0.081 and -0.376 ppm are within 
the range of KH and may be ordinary hydride H in two dif- 
ferent chemical envirotunents that are distinct fi-om those of 
the control KH. The resonances at -1.209 ppm and possi- 
bly at -2.5 ppm may be due to novel hydride ions. 

The color of the blue crystals was found to change to white 
over 2 weeks of exposure to air. The color-fade rate was 
greatly increased upon grinding the blue crystal into a fine 
powder. A dynamic 'H NMR study following the possible 
oxidation or hydrolysis of the blue crystals when exposed 
to air is shown in Figs. 13A-D. The 'H MAS NMR spectra 
from ground blue crystals relative to external tetramethylsi- 
lane (TMS) following air exposure times of 1, 20, 40, and 60 
mins are shown in Figs, 13A-D. Downfield 'H resonances 
shifted gradually to 3.861 and 4.444 ppm and then to 5.789. 
Upfield resonances shifted to 1.157 ppm, as the exposure to 
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Fig. 9. (A) The XPS survey scan of KI obtained on the Kratos instrument. (B) The XPS survey scan of the blue crystals obtained on the 
Kratos instrument. (C) The XPS survey scan of the green ciystals obtained on the Kratos instrument. 



air was prolonged and the blue color concomitantly faded 
to white. The peak at 5.789 may be due to H of KOH in 
a chemical environment that is different from that of KOH 
. formed by air exposure of KH. Since the downfield shift 
of the peak at 5.789 is substantially different from that ob- 
served for the control KH, 3.65 ppm, it may be due to KOH 
or a compound comprising KOH wherein H is increased 
binding energy hydrogen. The resonance at 1,157 comprises 
at least two peaks, one of which has a very broad upfield 
feature. These peaks may be novel hydride ions which are 
stable in air. In this case, the chemical environment is dif- 
ferent from that of the blue crystals which showed poten- 
tial novel hydride peaks at -1.209 ppm and possibly at 
—2.5 ppm. These observations strongly suggest that the H 
species in the blue crystals are new hydride species and may 
be responsible for the blue color. Decoupling studies are in 
progress to resolve the broad features of the blue crystal 
spectrum. 

The MAS NMR spectra of KH, KI, and the blue 
crystals each showed a single resonance at 64.56, 52.71, and 
53.32 ppm, respectively. The data indicate that the K local 
structure in the blue crystals is in between that of KI and KH. 

To eliminate the possibility that KI influenced the 
local environment of the ordinary hydride of KH to produce 



an NMR resonance that was shifted upfield relative to KH 
alone, controls comprising KH and a KH/KI mixture were 
run. The 'H MAS NMR spectra of the green crystals, the 
control comprising an equal molar mixture of KH and KI, 
and the control KH relative to external tetramethylsilane 
(TMS) are shown in Figs. 14A, 14B, and 14C, respectively. 
Ordinary hydride ion has a resonance at 1.1 and 0.8 ppm in 
the KH/KI mixture and in KH alone as shown in Figs. 14B 
and 14C, respectively. The additional peak at 4.5-4.6 ppm 
is assigned to KOH that formed by reaction of KH with air. 

The presence of KI does not shift the resonance of ordi- 
nary hydride. The resonance at 1.1 ppm which is assigned 
to ordinary hydride ion was observed in the spectrum of 
the green crystals as shown in Fig. 14A. The 0.8 ppm reso- 
nance could not be resolved if it was present, A large distinct 
upfield resonance was observed at —2.5 ppm which was not 
observed in either control. This upfield shifted peak is con- 
sistent with a hydride ion with a smaller radius as compared 
with ordinary hydride since a smaller radius increases the 
shielding or diamagnetism. The -2.5 ppm peak is assigned 
to a novel hydride ion that has a smaller radius than that of 
the hydride ions observed in the case of the blue crystals 
since the upfield shift was larger in the case of the green 
crystals. 
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3.4. FTIR 

. The FTIR spectra of K] (99.99%) was compared with that 
of the blue crystals. The FTIR spectra (45-3800/cm) of KI 
is given by Nyquist and Kagel [12]. The FTIR spectra (500- 
4000/cm) of the blue crystals is shown in Fig. 15. There are 
no vibrational bands in the 800-4000/cm region that can 
usually be assigned to covalent bondings. This eliminates 
the possibility of HI molecule embedded in KI crystals, since 
the H-I stretching mode is not observed at 2309/cm. The 
FTIR spectra (500-1500/cm) of the blue crystals is shown 
in Fig. 16. Several bands shown in Fig. 16 such as 682, 712, 
730/cm are found in the region assignable to ionic bonding 
or deformation vibration. The K-H vibrational band may be 
expected in this region. These bands are not present in pure 
KI. This implies that the compound of the blue crystals is 
ionic-like and contains different species from KI. 

1.5. ESITOFMS 

The positive ion ESFTOFMS spectrum of the blue crystals 
and that of the KI control are dominated by the ion. A 
series of positive ions K[KI]J mfz = (39 -I- 166n) were also 



observed. In addition, KHI^ was only observed from the 
blue crystals. 

3.6. LCjMS 

No chromatographic peaks were observed of the selected 
ion monitoring LC/MS analysis of KI and sample solvent 
control. 

Fig. 17A is the results of the selected ion monitoring 
LC/MS analysis of the blue crystals wherein the mass 
spectrum comprised the m/z = 204.6 ion signal. A chro- 
matographic peak was observed at RT = 22.45 min. which 
corresponds to a nonpolar compound which gives rise to a 
K(KI)+ mass fragment. The LC peak shown in Fig. 17A 
at J? r = 2.21 min that comes out with the solvent front 
after injection corresponds to KI that gives rise to mass 
fragments K+ and K(KJ);. 

Fig. 17B is the results of the Selected Ion Monitoring 
LC/MS analysis of the blue crystals wherein the mass spec- 
trum comprised the m/z=370.6 ion signal. Chromatographic 
peaks were observed at RT =11.42 and 23.38 min. which 
correspond to a nonpolar compounds having the K(K1)2 
mass spectrum fragment. The LC peak shown in Fig. 17B 
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Fig. 11. The 'H MAS NMR spectrum of the control KH relative to external tetramethylsilane (TMS). 
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Fig. 12. The 'H MAS NMR spectra of the blue crystals relative to external tetramethylsilane (TMS). 
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Fig. 13. (A) The 'H NMR spectrum of the blue crystals exposed to air for 1 min. (B) The 'H NMR spectrum of the blue crystals exposed 
to air for 20 min. (C) The 'H NMR spectrum of the blue crystals exposed to air for 40 min. (D) The ' H NMR spectrum of the blue crystals 
exposed to air for 60 min. 



at = 2.21 min that comes out with the solvent front after 
injection corresponds to KJ that gives rise to mass fragments 
K+ and K{KI)^- 

The LC/MS data indicated that the blue crystal comprises 
a novel compound KHI which may contain two different 
hydride ions which gives rise to different mass fragmenta- 
tion patterns. One KHl compound with a retention time of 
RT = 1 1.42 min may give rise to a K(KJ)J mass fragment. 
Whereas, a second KHI compound with a retention time of 
about RT=2l min may give rise to a KCKI)"^ and a K(KI)J 
mass fragment. 

5. 7. Gas chromatography 

The gas chroraatograph of the normal hydrogen gave the 
retention time for para hydrogen and ortho hydrogen as 22 



and 24 min, respectively. Control Kl and KI exposed to 500 
mtoiT of hydrogen at 600* C in the stainless-steel reactor for 
48 h showed no hydrogen release upon heating to above 
600° C with complete melting of the crystals. Dihydrino or 
hydrogen was released when the blue crystals were heated 
to above 600° C with melting which coincided with the loss 
of the dark blue color of these crystals. 

The gas chromatograph of the dihydrino or hydrogen re- 
leased from the blue crystals when the sample was heated to 
above 600''C with melting is shown in Fig. 18. The reten- 
tion times drift with time due to conditioning of the column 
and absorption of contaminants. Thus, in previous studies 
[13], it was found that hydrogen must be present with di- 
hydrino H2 [n = 5 ; 2c' = \/2ao/2] to identify the latter since 
the retention times are very close. But, these results confirm 
that the blue crystals are a hydride. 
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Fig. 14. (A) The 'H MAS NMR spectmm of the green crystals 
relative to externa! tetramethylsilane (TMS). (B) The 'H MAS 
NMR spectmm of the control comprising an equal molar mixture 
of KH and KJ relative to external tetramethylsilane (TMS). (C) 
The ' H MAS NMR spectrum of the control KH relative to external 
tetramethylsilane (TMS). 



3.8. Mass spectroscopy 

The dihydrino was identified by mass spectroscopy as a 
species with a mass to charge ratio of two (m/e=2) that has 
a higher ionization potential than that of noimal hydrogen 
by recording the ion current as a function of the electron 
gun energy. The intensity as a ftmction of time for masses 
mje =1,2, and 3 obtained while changing the ionization 
potential (IP) of the mass spectrometer from 30 to 70 eV is 
shown for gas released from thermal decomposition of the 
blue crystals and ultrapure hydrogen in Figs. 19A and 19B, 
respectively. Upon increasing the ionization potential from 
30 to 70 eV, typically the mje = 2 ion current for the blue 
crystal sample increased by a factor of about 1000. Under 
the same pressure conditions, the m/e=2 ion current for the 
ultrapure hydrogen increased by a factor of less than 2. 

The mass spectra (m/c= 0-50) of the gases released from 
the thermal decomposition of the blue crystals at an ion- 
ization potential of 30 and 70 eV were recorded. As the 
ionization energy was increased from 30 to 70 eV m/e = 4 
and 5 peaks were observed that was assigned to H^( j) and 
H5 ( 5 respectively. No helixmi was observed by gas chro- 
matography as given above in gas chromatography section. 
The peaks serve as a signatures for the presence of dihydrino 
molecules. 

3.9. Elemental analysis 

The quantitative elemental analysis showed that the blue 
crystal consisted of 0.5 wt% H, 22.58 wt% K and 75.40 wt% 
I, or in equivalent KJ i. 028 Ho ses- 



4. Discussion 

The elemental analysis and the positive and negative 
ToF-SIMS results of the blue crystals are consistent with 
the proposed structure KHI. In the former analysis, the 
hydrogen content was determined by combustion analysis 
which identifies ordinary hydride. The presence of novel 
hydride ions present in this sample may stabilize ordinary 
hydride. This is consistent with the NMR of this sample 
shown in Fig. 12 as compared with the NMR of ordinary 
hydride shown in Fig. 1 1. Furthermore, the NMR, XPS, and 
LC/MS data indicate that two forms of novel hydride were 
present. The known compounds KJ and KH have the potas- 
sium ion in a 4-1 state. The compound KHI is unknown 
and extraordinary. The implied valence of potassium is -1-2. 
A K^+ peak was observed in the positive ToF-SIMS which 
supports +2 as the valence state. High-resolution solids 
probe magnetic sector mass spectroscopy is in progress to 
confirm this state. The preliminary results are positive. 

Another unusual feature of the blue crystals is their in- 
tense dark blue color. The blue color was found to be de- 
pendent on the presence of H in KHI. The intensity of the 
dark blue color was directly related to the amount of hy- 
drogen which was determined by thermal decomposition 
with quantification by gas chromatography. The presence 
of some H~(|) is indicated by the thermal decomposition 
with the identification of a hydrogen-type molecule assigned 
to H2[2c' = ao/y/2] with an ionization potential of 62 eV 
(Eq. (13)). The presence of some H~(l/4) is indicated by 
the new XPS peak at about 1 1 eV. 

Potassium metal may be embedded in KI crystals wherein 
potassium metal ionizes into K^ and a free electron. This 
trapped free electron called an F-center may give rise to 
the blue color of the crystals. In contrast to other impuri- 
ties such as OH~, the presence of ordinary hydrogen has a 
small influence on the emission lifetime of an F center in a 
similar alkali halide, KCl, which corresponds to a slight de- 
crease in the coloration of F-centers by radiationless relax- 
ation [14]. 

Coloration may occur by exposure of an alkali halide to 
alkali metal vapor at high temperature followed by thermal 
quenching. A nonhydrogen control was run imder identical 
conditions used to synthesize the blue crystals except that 
helium replaced hydrogen. The resulting crystals appeared 
dirty brown with minimal coloring and contained inclusions 
of colloidal alkali metal. 

Ah explanation of the absolutely reproducible homoge- 
neous very dark blue coloration is required. Two mecha- 
nisms may explain the results. The catalysis of hydrogen 
creates an intense hydrogen plasma [1-6]. The predominant 
mechanism of forming F centers is by applying ionizing ra- 
diation. Thus, the extreme ultraviolet (EUV) radiation from 
the catalysis with the production of the hydrino hydride ions 
may be the source of F centers. In this case, the hydride 
content correlates with the color because the EUV emission 
corresponds to hydride production. Or, the hydrino hydride 
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ion assists in the fonnation, stability, or emission efficiency 
of F centers. To determine if the former explanation has 
merit, experiments are in progress whereby EUV emission 
of the gas cell reactor is correlated with the intensity of 
coloration of the blue crystalline product as determined by 
visible spectroscopy. To determine whether the latter expla- 
nation has merit, Raman spectroscopy experiments such as 
those of Gustin et al. [14] of the relaxation mechanism of 
excited F centers of the blue crystals are planned. 

When the blue crystals were pulverized or exposed 
to air for a prolong period of about two weeks the blue 
color faded and white crystals formed. Investigations of 
these white crystals are in progress. Preliminary data 
indicate a hydride containing carbon dioxide, oxygen, 
and water-derived species. For example, the positive 
ToF-SIMS of the air-exposed crystals contained three 
new series of positive ions: {K[KH KHCOa]^ m/z = 
(39 + 140/1), K2OHIKH KHC03]J m/z = (95 + 140n), 
and K30[ICH KHCOajJ m/z = (133 + 140n)}. These ions 
correspond to inorganic clusters containing novel hydride 
combinations (i.e. KH KHCO3 units plus other positive 
fragments). The negative ion spectrum was dominated 



by 0~ and OH~ peaks as well as H" and I" peaks. A 
KHIO" peak was present only in the negative spectrum 
of the air-exposed blue crystals and not in the spectrum of 
air-exposed Kl control. The formation of the novel com- 
pound potassium hydride potassium hydrogen carbonate 
comprising H~ ( 5 ) and H~ ( J ) is consistent with the changes 
in the NMR observed with air exposure of the blue crystals. 
KH KHCO3 has been made in an electrolytic cell reactor 
wherein potassium ions served as the catalysts according to 
Eqs. (6)-(8) [15]. KH KHCO3 has also been synthesized 
in a gas cell energy reactor wherein potassium ions served 
as the catalyst according to Eqs. (3)-(5) [16,17]. 

An explanation for the color of the green crystals may be 
a charge transfer transition due to the presence of a K^"*^ in 
the crystal which is stabilized by a higher binding energy 
hydride ion relative to the blue crystals. The ToF-SIMS, 
XPS, and NMR results support this explanation. 

The hydride peak of the green crystals was larger than the 
iodide peak; whereas, the hydride peak of the blue crystals 
was about equivalent to the iodide peak. These results are 
consistent with the fonnation of a higher hydride content or 
a higher hydride ion yield in the green crystals which may 
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indicate that a higher binding energy hydride was present in 
the green crystals. 

The XPS data of the core levels clearly indicate a change 
in the electronic structure and different bonding in KHI rela- 
tive to that in the corresponding KI. This binding influences 
the metal core level with little perturbation of the halogen 
core level. Comparing the alterations in the K core levels 
versus the I core level indicates that the lower-energy hy- 
drogen species binds to the metal center of KI. An addi- 
tional spin-orbit splitting component had to be added to each 
potassiiuB iodo hydride in order to obtain a good curve fit 
of the K 2p spectra. In each case, the second component 
of spin-orbit splitting is assigned to the formation of the 
alkali metal halido hydride, KHI. The presence of the novel 
hydride ion shifts the K2p peaks to lower binding ener- 
gies relative to the corresponding peaks of KI. It strongly 
suggests the formation of a novel metal hydride which is 
consistent with the supporting data provided by XPS given 
above and NMR, ToF-SlMS, and gas chromatography/mass 
spectroscopy given in the respective sections. The change in 
electronic structure is greatest with the green crystals which 



indicates that a higher binding energy hydride is formed by 
running the catalysis reaction at lower hydrogen pressure. 

The 0-100 eV binding energy region of a high-resolution 
XPS spectra of the blue and green crystals indicate the pres- 
ence of the hydride ions H~(~) and H"(}) in the case 
of the blue crystals and the presence of the higher binding 
energy hydride ion H"( J) in the case of the green crystals. 

The upfield peak in the NMR spectrum of the green crys- 
tals at -2.5 ppm was assigned to a novel hydride ion that 
has a smaller radius than that of the hydride ions observed in 
the case of the blue crystals corresponding to resonances at 
-0376 and - 1 .209 ppm since the upfield shift was larger in 
the case of the green crystals. A smaller radius corresponds 
to a higher binding energy. 



5. Conclusions 

The ToF-SIMS, XPS, NMR, FTIR, ESITOFMS, LC/MS, 
thermal decomposition with analysis by GC, and MS, and 
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Fig. 17. (A) The results of the selected ion monitoring LC/MS 
analysis of the blue crystals wherein the mass spectram comprised 
the m/z - 204.6 ion signal. (B) The results of the selected ion 
monitoring LC/MS analysis of the blue crystals wherein the mass 
spectrum comprised the m/z = 370.6 ion signal. 
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Fig. 18, The gas chromatogiaph of the dihydrino or hydrogen 
released from the blue crystals when the sample was heated to 
above 600° C with melting. 



elemental analysis results confinn the identification of KHl 
having hydride ions, H ~ ( 5 ), H ~ ( J ), and H ~ ( ^ ). Two foms 
of hydride ion (H~(i) and H~(i)) may be formed accord- 
ing to Eqs. (5), (8), and (9) which is supported by the XPS, 
NMR, and LC/MS data of the blue crystals. The thermal de- 
composition with mass spectroscopic analysis indicates that 
at least H'C^) is present in KHI of the blue crystals. 

The ToF-SIMS results of a more intense hydride peak, 
the NMR results of a greater upfield shifted peak, and the 
XPS results that the change in electronic structure was great- 




Fig. 19. (A) The intensity as a fiinction of time for masses m/e= 1, 
2, and 3 obtained while changing the ionization potential (IP) of the 
mass spectrometer from 30 to 70 eV for gas released from thermal 
decomposition of the blue crystals. (B) The intensity as a function 
of time for masses m/e = 1 , 2, and 3 obtained while changing the 
ionization potential (IP) of the mass spectrometer from 30 to 70 
eV for ultrapure hydrogen. 



est with the green crystals relative to the blue crystals in- 
dicate that a higher binding energy hydride was formed by 
running the catalysis reaction at lower hydrogen pressure. 
The XPS results of the low binding energy region are con- 
sistent with the presence of H~(|) in the green crystals. 
This product is predicted by an autocatalysis reaction of two 
Uil) atoms which has been confirmed by extreme ultravi- 
olet spectroscopy [3]. 

The chemical structure and properties of KH! having a 
hydride ion with a high binding energy are indicative of a 
new field of hydride chemistry. The novel hydride ion may 
combine with other cations such as other alkali cations and 
alkaline earth, rare earth, and transition element cations. Nu- 
merous novel compounds may be synthesized with extraor- 
dinary properties relative to the corresponding compounds 
having ordinary hydride ions [15-19]. These novel com- 
pounds may have a breath of applications. 



f 9 

R. L Mills et al. I International Journal of Hydrogen Energy 25 (2000) 1 185-1203 ] 203 



References 

[IJ Mills R, Dong J, Lu Y. Observation of extreme ultraviolet 
hydrogen emission from incandescently heated hydrogen gas 
with certain catalysts. 1999 Pacific Conference on Chemistry 
and Spectroscopy and the 35th ACS Western Regional 
Meeting, Ontario Convention Center, California, October 
6-8, 1999. 

[2] Mills R, Dong J, Lu Y. Observation of extreme ultraviolet 
hydrogen emission from incandescently heated hydrogen 
gas with certain catalysts. Int J Hydrogen Energy, 2000;25: 
919^3. 

[3] Mills R. Observation of extreme ultraviolet hydrogen and 
hydrino emission from hydrogen-KI plasmas produced by a 
hollow cathode discharge. Int J Hydrogen Energy, submitted. 

[4] Mills R. Temporal behavior of light-emission in the visible 

spectral^ range from a Ti-K2C03-H-CelI. Int J Hydrogen 

Energy, m press. 

[5] Mills R, Lu Y, Onuma T. Formation of a hydrogen plasma 
from an incandescently heated hydrogen-potassium gas 
mixture and plasma decay upon removal of heater power. Int 
J Hydrogen Energy, submitted. 

[6} Mills R, Nansteel M, Lu Y. Observation of extreme ultraviolet 
hydrogen emission from incandescently heated hydrogen gas 
with strontium that produced an optically measured power 
balance that was 4000 times the control. Int J Hydrogen 
Energy, in press. 

[7] Mills R. The grand unified theory of classical quantum 
mechanics, January 2000 ed. Cranbury, New Jersey: 
BlackLight Power, Inc., Distributed by Amazon.com. 



[8] Linde DR. CRC handbook of chemistry and physics, 78th 

ed. Boca Raton. FL: CRC Press, 1997. p. 10-214-10-216. 
[9] Microsc Microanal Microstruct 1992;3:1. 
[10] For recent specifications see PHI Trift II, ToF-SIMS Technical 

Brochure, Eden Prairie, MN 55344, 1999. 
[11] Briggs D, Seah MP. editors. Ion and neutral spectroscopy. In 
Practical surface analysis, vol. 2. 2nd ed. New York: Wiley, 
1992. 

[12]Nyquist RA, Kagel RO. Infi^d spectra of., inorganic 

compounds. New York: Academic Press, 1971. p. 464-5. 
[13] Mills R. NOVEL HYDRIDE COMPOUNDS. PCT 

US98/14029 filed on July 7, 1998. 
[14] E. Gustin, M. Leblans, A. Bouwen, D. Shoemaker, Phys Rev 

B 49 (2) (1994) 916-26. 
[15] R. Mills, Novel inorganic hydride, Int J Hydrogen Energy 25 

(2000) 669-83. 

[16] Mills R, He J, Dhandapani B. Novel hydrogen compounds. 

1 999 Pacific Conference on Chemistry and Spectroscopy and 

the 35th ACS Western Regional Meeting, Ontario Convention 

Center, California, October 6-8, 1999. 
[17] Mills R, Dhandapani B, Nansteel M, He J. Synthesis and 

characterization of novel hydride compounds. Int J Hydrogen 

Energy, in press. 
[18] R. Mills, Novel hydrogen compounds from a potassium 

carbonate electrolytic cell. Fusion Technol 37 (2) (2000) 

157-82. 

[19] Mills R. Highly stable novel inorganic hydrides, int J 
Inorganic Mater., submitted. 



THIS PAGE BUNK (U8PT0) 



t f 



International Journal of 

HYDROGEN 
ENERGY 

International Journal of Hydrogen Energy 25 (2000) 669-^83 s==s^== 



Novel inorganic hydride 

Randell L. Mills* 

BlackUght Power, Inc.. 493 Old Trenton Road, Cranbury, NJ 08512, USA 



Abstract 

A novel inorganic hydride compound KH KHCO3 which is stable in water and comprises a high binding energy 
hydride ion was isolated following the electrolysis of a K2CO3 electrolyte. Inorganic hydride clusters K(KH KHCOjI^ 
were identified by Time of Flight Secondary Ion Mass Spectroscopy. Moreover, the existence of a novel hydride ion 
has been determined using X-ray photoelectron spectroscopy, and proton nuclear magnetic resonance spectroscopy. 
Hydride ions with increased binding energies may be the basis of a high voltage battery for electric vehicles. © 2000 
International Association for Hydrogen Energy. Published by Elsevier Science Ltd. All rights reserved. 




PERGAMON 



1. Introduction 

Evidence of the changing landscape for automobiles 
can be found in the recent increase in research into the 
next generation of automobiles. But, the fact that there 
is no clear front-runner in the technological race to 
replace the internal combustion (IC) engine can be 
attested to by the divergent approaches taken by the 
major automobile companies. Programs include var- 
ious approaches to hybrid vehicles, alternative fueled 
vehicles such as dual-fired engines that can run on 
gasoline or compressed natural gas, and a natural gas- 
fired engine. Serious efforts are also being put into a 
number of alternative fuels such as cthanol, methanol, 
propane, and reformulated gasoline. To date, the most 
favored approach is an electric vehicle based on fuel 
cell technology, or advanced battery technology such as 
sodium nickel chloride, nickel-metal hydride, and 
lithium-ion batteries [1]. Although bilHons of dollars 
are being spent to develop an alternative to the IC 
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engine, there is no technology in sight that can match 
the specifications of an IC engine system [2]. 

Fuel cells have advantages over the IC engine 
because they convert hydrogen to water at about 70% 
efficiency when running at about 20% below peak out- 
put [3]. But, hydrogen is difficult and dangerous to 
store. Cryogenic, compressed gas, and metal hydride 
storage are the main options. In the case of cryogenic 
storage, liquefaction of hydrogen requires an amount 
of electricity which is at least 30% of the lower heating 
value of liquid hydrogen [4]. Compressed hydrogen, 
and metal hydride storage are less viable since the for- 
mer requires an unacceptable volume, and the latter is 
heavy and has difficulties supplying hydrogen to match 
a load such as a fuel cell [4]. The main challenge with 
hydrogen as a replacement to gasoline is that a hydro- 
gen production and refueling infrastructure would 
have to be built. Hydrogen may be obtained by 
reforming fossil fuels. However, in practice fuel cell ve- 
hicles would probably achieve only 10-45% efficiency 
because the process of reforming fossil fuel into hydro- 
gen and carbon dioxide requires energy [3]. Presently, 
fuel cells are also impractical due to their high cost as 
well as the lack of inexpensive reforming technology 
15]. 
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In contrast, batteries are attractive because they can 
be recharged wherever electricity exists, which is ubi- 
quitous. The cost of mobile energy from a battery 
powered car may be less than that from a fossil fuel 
powered car. For example, the cost of energy per mile 
of a nickel metal hydride battery powered car is 25% 
of that of a IC powered car [6]. However, current bat- 
tery technology is trying to compete with something 
that it has little chance of imitating. Whichever battery 
technology proves to be superior, no known electric 
power plant will match the versatility and power of an 
internal combustion engine. A typical IC engine yields 
more than 10,000 W h kg"' of energy, while the most 
promising battery technology yields 200 W h kg"' [2]. 

A high voltage battery would have the advantages 
of much greater po\yer and much higher energy den- 
sity. The limitations of battery chemistry may be 
attributed to the binding energy of the anion of the 
oxidant. For example, the 2 V provided by a lead acid 
cell is limited by the 1.46 eV electron affinity of the 
oxide anion of the oxidant PbOi- An increase in the 
oxidation state of lead such as Pb^^ -» pb^"^ Pb"*"" 
is possible in a plasma. Further oxidation of lead 
could also be achieved in theory by electrochemical 
charging. However, higher lead oxidation states are 
not achievable because the oxide anion required to 
form a neutral compound would undergo oxidation by 
the highly oxidized lead cation. An anion with an 
extraordinary binding energy is required for a high 
voltage battery. One of the highest voltage batteries 
known is the lithium fluoride battery with a voltage of 
about 6 V. The voltage can be attributed to the higher 
binding energy of the fluoride ion. The electron affinity 
of halogens increases from the bottom of the Group 
VII elements to the top. A hydride ion may be con- 
sidered a halide since it possesses the same electronic 
structure, and, according to the binding energy trend, 
it should have a high binding energy. However, the 
binding energy is only 0.75 eV which is much lower 
than the 3.4 eV binding energy of a fluoride ion. 

An inorganic hydride compound having the formula 
KH KHCO3 was isolated from an aqueous K2CO3 
electrolytic cell reactor. Inorganic hydride clusters 
KtKH KHCOaJ^ were identified by Time of Flight Sec- 
ondary Ion Mass Spectroscopy (ToF-SIMS). A 
hydride ion with a binding energy of 22.8 eV has been 
observed by X-ray photoelectron spectroscopy (XPS) 
having upfield shifted solid state magic-angle spinning 
proton nuclear magnetic resonance ('H MAS NMR) 
peaks. Moreover, a polymeric structure is indicated by 
Fourier transform infrared (FTIR) spectroscopy. The 
discovery of a novel hydride ion with a high binding 
energy has implications for a new field of hydride 
chemistry with applications such as a high voltage bat- 
tery. Such extremely stable hydride ions may stabilize 
positively charged ions in an unprecedented highly 



charged state. A battery may be possible having pro- 
jected specifications that surpass those of the internal 
combustion engine. 

Hydride ions having extraordinary binding energies 
may stabilize a cation M"*"*" in an extraordinarily high 
oxidation state such as +2 in the case of lithium. 
Thus, these hydride ions may be used as the basis of a 
high voltage battery of a rocking chair design wherein 
the hydride ion moves back and forth between the 
cathode and anode half cells during discharge and 
charge cycles. Exemplary reactions for a cation M^"*" 



Cathode reaction 

MH;.+e-^MH,_i +H- 

Anode reaction 

MH;,_2 -I- H --^MH:,_i -I- e- 

Overall reaction 

MH;,-l-MH;,_2-^2MHx_i 



(1) 



(2) 



(3) 



2. Experimental 

2.1. Synthesis 

An electrolytic cell comprising a K2CO3 electrolyte, 
a nickel wire cathode, and platinized titanium anodes 
was used to synthesize the KH KHCO3 sample [7]. 
Briefly, the cell vessel comprised a 10 gallon (33" x 
15") Nalgene tank. An outer cathode comprised 5000 m 
of 0.5 mm diameter clean, cold drawn nickel wire (Ni 
200 0.0197", HTN36NOAG1, A-1 Wire Tech, Inc., 
Rockford, Illinois, 61109) wound on a polyethylene 
cylindrical support. A central cathode comprised 
5000 m of the nickel wire wound in a toroidal shape. 
The central cathode was inserted into a cylindrical, 
perforated polyethylene container that was placed 
inside the outer cathode with an anode array between 
the central and outer cathodes. The anode comprised 
an array of 15 platinized titanium anodes (ten Engel- 
hard Pt/Ti mesh 1.6" x 8" with one 3/4" x 7" stem 
attached to the 1.6" side plated with 100 U series 3000; 
and five Engelhard 1" diameter x 8" length titanium 
tubes with one 3/4" x 1" stem affixed to the interior of 
one end and plated with 100 U Pt series 3000). Before 
assembly, the anode array was cleaned in 3 M HCl for 
5 min and rinsed with distilled water. The cathode was 
cleaned by placing it in a tank of 0.57 M K2C03/3% 
H2O2 for 6 h and then rinsing it with distilled water. 
The anode was placed in the support between the cen- 
tral and outer cathodes, and the electrode assembly 
was placed in the tank containing electrolyte. The elec- 
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trolyte solution comprised 28 I of 0.57 M K2CO3 (Alfa 
K2CO3 99%). Electrolysis was performed at 20 A con- 
stant current with a constant current (±0.02%) power 
supply. 

Samples were isolated from the electrolytic cell by 
concentrating the K2CO3 electrolyte about six-fold 
using a rotary evaporator at SO^C until a yellow-white 
polymeric suspension formed. Precipitated crystals 
of the . suspension were then grown over 3 weeks by 
allowing the saturated solution to stand in a sealed 
round bottom flask at 25'*C. Control samples utilized 
in the following experiments contained K2CO3 



(99%), KHCO3 (99.99%), HNO3 (99.99%), and KH 
(99%). 

2.2. ToF-SIMS characterization 

The crystalline samples were sprinkled onto the sur- 
face of double-sided adhesive tapes and characterized 
using a Physical Electronics TFS-2000 ToF-SIMS 
instrument. The primary ion gun utilized a Ga 
liquid metal source. In order to remove surface con- 
taminants and expose a fresh surface, the samples were 
sputter cleaned for 30 s using a 40 nm x 40 pm raster. 
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Fig. 1. The positive ToF-SIMS spectrum (m/e = 0-200) of KLHCO3 (99.99%) where HC is hydrocarbon. 
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The aperture setting was 3, and the ion current was 
600 pA resulting in a total ion dose of lO'^ ions/cml 

During acquisition, the ion gun was operated using 
a bunched (pulse width 4 ns bunched to 1 ns) 15 kV 
beam [8,9]. The total ion dose was lO'^ ions/cm^. 
Charge neutralization was active, and the post acceler- 
ating voltage was 8000 V. Three different regions on 
each sample of (12 ^m)^ (18 ^m)^ and (25 [imf were 
analyzed. The positive and negative SIMS spectra were 
acquired. Representative post sputtering data is 
reported. 



2.5. ^7*5 characterization 

A series of XPS analyses were made on the 
crystalline samples using a Scienta 300 XPS 
Spectrometer. The fixed analyzer transmission mode 
and the sweep acquisition mode were used. The step 
energy in the survey scan was 0.5 eV, and the step 
energy in the high resolution scan was 0.15 eV. In the 
survey scan, the time per step was 0.4 s, and the 
number of sweeps was 4. In the high resolution scan, 
the time per step was 0.3 s, and the number of sweeps 
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Fig. 2. The positive ToF-SIMS spectrum (m/e = 200-1000) of KHCO3 (99.99%) where HC is hydrocarbon. 



1888 



t 



f 



R.L. Mms I International Journal of Hydrogen Energy 25 (2000) 669-683 



673 



was 30. C Is at 284.6 eV was used as the internal 
standard. 

2.4. NMR spectroscopy 

*H MAS NMR was performed on the crysUlline 



samples. The data were obtained on a custom built 
spectrometer operating with a Nicolet 1280 computer. 
Final pulse generation was from a tuned Henry radio 
amplifier. The 'H NMR frequency was 270.6196 MHz. 
A 2 ^ls pulse corresponding to a 15" pulse length and a 
3-s recycle delay were used. The window was ±31 kHz. 
The spin speed was 4.5 kHz. The number of scans was 
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Table 1 , • ^ the nositive ToF-SIMS of an electrolytic cell sample 
The respective hydride compounds and mass assignments (m/z) of the positive 



Hydrino hydride compound or fragment 



KH 

K2H 

(KH)2 

KHKOHi 

KHiCKHh 

KH KLHCO2 

KH2KHO4 

K(KOH)2 

KH(KOH)2 

KH2(KOH)2 

KtKH KHCO3] 

KCO(KH)3 

K2OHICHKOH 

KH2KOHKHKOH 

K30(H20)4 

K20H[KH KHCO3] 
K(H2C04 KH KHCO3I 
KjOlKH KHCO3I 

KtKH KHCOjKjCOjI 
K[KH KHCO3I2 
KH2IKH KOHIj 
KOH2[KH KHCO3I2 
KH KOi [KH KHC03][KHC03l 
KKHK2CO3 IKH KHCO3I 
KKHfKH KHCOjIz 
K2OHIKH KHCOab 
K20H[KHKOHl2 [KHCO3] 

KKH3KH5[KH KHCOjh , . . 1 

KjOIKjCOjI (KH KHCO3I or K[KH KOH(K2C03)2l 
KjOtKH KHCOah 
f, KH KOH ] 
(KH KHC03)2 J 

KH2OKHCO3 [KH KHCO3I2 
KKHKC02[KH KHCO3I2 
K[KH KHCXDjIj 

HtKH KOHHK2CO3I2 or K4O2HIKH KHCO3I2 

K[K2C03l[KHC03l3 

.K20H[KH KHCO3I3 

KjOtKJi KHGOjb 

K[KH KHCO3U 

KjOHIKH KHC0314 

KjOfKH KHC03]4 

K[KH KHCO3I5 

K3OIKH KHCO3I5 

KtKH KHCXJjk 

KjOlKH KHCOjle 



Nominal mass 
m/z 



Observed 
mjz 



Calculated 
mjz 



40 

79 

80 

97 

121 
. 124 

145 

151 

152 

153 

179 

187 

191 

193 

205 

235 

257 

273 

303 

317 

319 
329 
337 
351 
357 
359 
375 
387 
405 
411 
413 

415 

437 
442 
459 
469 
477 
515 
553 
599 
655 
693 
739 
833 
879 
973 



436.81 

441.74 

458.72 

468.70 

476.72 

514.72 

552.67 

598.65 

654.65 

692-60 

738.65 

832.50 

878.50 

972.50 



Difference between 
observed and 
calculated m/z 



39.97 


39.971535 


0.0015 


78.940 


78 935245 


0.004 


79.942 


79 94307 


0.001 


96.945 




0.0008 


120.925 




0.003 


123.925 




0.008 


144.92 




0.010 


150.90 




0-003 


151.90 




0.004 


152,90 


152.V12^J 


0.012 


178.89 


178-891 J 


0.001 


186.87 


1 0/: onn^ 


0.003 


190.87 


lyO.ODoI JJ 


0.002 


192.89 


192.883785 


0.006 


204.92 


204.92828 


0.008 


234.86 


234.8579JJ 


0 002 


256.89 


256.8868 


0.003 


272.81 


272.81384 


0.OO4 


302.88" 


" 302.89227 


0.012 


316.80 


316.80366 


0.004 


318.82 


318.81931 


0.001 


328.80 


328.7933 


0.007 


336.81 


336.82987 


0.020 


350.81 


350.80913 


0.001 


356.77 


356.775195 


0.005 


358.78 


358.790845 


0.011 


374.78 


374.785755 


0.005 


386.75 


386.76238 


0.012 


404.79 


404.80933 


0.019 


410.75 


410.72599 


0.024 


412.74 


412.74164 


0.002 


414.74 


414.75729 


0.017 



436.786135 

441.744375 

458.74711 

468.708085 

476.744655 

514.713555 

552.66944 

598.67491 

654.641355 

692.59724 

738.60271 

832.52504 

878.53051 

972.45284 



0.024 
0.004 
0.027 
0.008 
0-025 
0.006 
O.OOl 
0.025 
0.009 
0.003 
0.047 
0.025 
0.031 
0.047 
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Fig. 4. The positive ToF-SIMS spectrum (m/e = 200-1000) of an electrolytic cell sample where HC is hydrocarbon. 
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Fig. 5. The 0-80 eV binding energy region of a high resolution XPS spectrum of an electrolytic cell sample. 



1000. Chemical shifts were referenced to external 
TMS. The offset was 1527.12 Hz, and the magnetic 
flux was 6.357 T. 

2.5. FTIR spectroscopy 

Samples were transferred to an infrared transmitting 
substrate and analyzed by FTIR spectroscopy using a 
Nicolet Magna 550 FTIR Spectrometer with a NicPlan 
FTIR microscope. The number of scans was 500 for 
both the sample and background. The number of 
background scans was 500. The resolution was 8.000. 
A dry air purge was applied. 



3. Results and discussion 

3.1. ToF-SmS 

The positive ToF-SIMS spectrum obtained from the 
KHCO3 control is shown in Figs. 1 and 2. In addition, 
the positive ToF-SIMS of a sample isolated from the 
electrolytic cell is shown in Figs. 3 and 4, The respect- 
ive hydride compounds and mass assignments appear 
in Table 1. In both the control and electrolytic 



samples, the positive ion spectrum are dominated by 
the ion. Two series of positive ions K[K2C03]J 
m/z = (39 +138/1), KzOHlKjCOjlJ m/r = (95+ 138n)} 
are observed in the KHCO3 control. Other peaks contain- 
ing potassium include KC^. K;,0+, K^O^Hj", KCO*, 
and Kj". However, in the electrolytic cell sample, three 
new series of positive ions are observed at 
K[KH KHCOat mlz=09 + 140n), KjOHpCH KHC03]+ 
m/z = (95 +140n). and K30[1CH KHCOjlJ, mfz = 
(133+ 140n)}. These ions correspond to inorganic clus- 
ters containing novel hydride combinations (i.e. KH 
KHCO3 units plus other positive fragments). 

The comparison of the positive ToF-SIMS spec- 
trum of the KHCO3 control with the electrolytic cell 
sample shown in Figs. 1 and 2, and 3 and 4, respect- 
ively, demonstrates that the ^^K'*' peak of the electro- 
lytic cell sample may saturate the detector and give rise 
to a peak that is atypical of the natural abundance of 
"'K. The natural abundance of '^'K is 6.7%; whereas, 
the observed '"K abundance from the electrolytic cell 
sample is 57%. This atypical abundance was also con- 
firmed using ESIToFMS [lOJ. The high resolution 
mass assignment of the mfz ~ 41 peak of the electro- 
lytic sample was consistent with ^'K, and no peak was 
observed at mfz = 42.98 ruling out ^'KHj. Moreover, 
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Fig. 6. The XPS survey spectrum of an electrolytic cell sample with the primary elements identified. 



the natural abundance of "'K was observed in the 
positive ToF-SIMS spectra of KHCO3, KNO3, and KI 
standards that were obtained with an ion current such 
that the peak intensity was an order of magnitude 
higher than that given for the electrolytic cell sample. 
The saturation of the peak of the positive ToF- 
SIMS spectrum by the electrolytic cell sample is mdica- 
tive of a unique crystalline matrix [1 1]. 

The negative ion ToF-SIMS of the electrolytic cell 
sample was dominated by H", and much smaller O , 
and OH" peaks. A series of nonhydride contammg 
negative ions KCOalKzCOsi; m/z - (99 + 138n)} was 
also present which implies that H2 was eUmmated 
from KH KHCOj during fragmentation of the com- 
pound KH KHCO3. 

3,2. XPS 

A survey spectrum was obtained over the region 
£j, = 0-1200 eV. The primary element peaks allowed 
for the determination of all of the elements present m 
each sample isolated from the K2CO3 electrolyte. The 
survey spectrum also detected shifts in the bmdmg 



energies of potassium and oxygen which had impli- 
cations as to the identity of the compound containing 
the elements. A high resolution XPS spectrum was also 
obtained of the low binding energy region {£b~0- 
100 eV) to determine the presence of novel XPS peaks. 

No elements were present in the survey scans which 
can be assigned to peaks in the low binding energy 
region with the exception of a smaU variable contami- 
nant of sodium at 63 and 31 eV. potassium at 16.2 
and 32.1 eV, and oxygen at 23 eV. Accordingly, any 
other peaks in this region must be due to novel species. 
The K 3s and K 3p are shown in Fig. 5 at 16.2 and 
32.1 eV, respectively, A weak Na 2s is observed at 
63 eV. The O 2s which is weak compared to the pot- 
assium peaks of K2CO3 is typically present at 23 eV, 
but is broad or obscured in Fig. 5. Peaks centered at 
22.8 and 38.8 eV which do not correspond to any 
other primary element peaks were observed. The inten- 
sity and shift match shifted K 3s and K 3p. Hydrogen 
is the only element which docs not have primary el- 
ement peaks; thus, it is the only candidate to produce 
the shifted peaks. These peaks may be shifted by a 
highly binding hydride ion with a binding energy of 
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Table 2 

The binding energies of XPS peaks of KjCO, and an electro- 
lytic cell sample 



XPS C Is 


0 is 


K 3p 


K 3s 


K2p3^ K2p,„ K2s 


(eV) 


(eV) 


(eV) 


(eV) 


(eV) 


(eV) 


(eV) 


K2CO3 288.4 


532.0 


18 


34 


292.4 


295.2 


376.7 


Electrolytic 288.5 


530.4 


16.2 


32.1 


291.5 


293.7 


376.6 


Cell 


537.5 


22.8 


38.8 


298.5 


300.4 


382.6 


Sample 


547.8 












Min 280.5 


529 






292 






Max 293 


535 






293.2 







22.8 eV given in the Appendix that bonds to potassium 
K 3p and shifts the peak to this energy. In this case, 
the K 3s is similarly shifted. These peaks were not pre- 
sent in the case of the XPS of matching samples iso- 



lated from an identical electrolytic cell except that 
NajCOj replaced K2CO3 as the electrolyte. 

XPS further confirmed the ToF-SIMS data by show- 
ing shifts of the primary elements. The splitting of the 
principal peaks of the survey XPS spectrum is indica- 
tive of multiple forms of bonding involving the atom 
of each split peak. For example, the XPS survey spec- 
trum shown in Fig. 6 shows extraordinary potassium 
and oxygen peak shifts. All of the potassium primary 
peaks are shifted to about the same extent as that of 
the K 3s and K 3p. In addition, extraordinary O Is 
peaks of the electrolytic cell sample were observed at 
537.5 and 547.8 eV; whereas, a single O Is was 
observed in the XPS spectrum of K2CO3 at 532.0 eV. 
The results are not due to uniform charging as the in- 
ternal standard C Is remains the same at 284.6 eV. 
The results are not due to differential charging because 
the peak shapes of carbon and oxygen are normal, and 
no tailing of these peaks was observed. The binding 




Chemical Shift (ppm) 

Fig. 7. The magic angle spinning proton NMR spectrum of an electrolytic cell sample. 
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T^e**NMR peaks of an electrolytic cell sample with their 
assignments " 



Peak at shift (ppm) 



Assignment 



+ 34.54 
+ 22.27 
+ 17.163 
+ 10.91 
+ 8.456 
+ 7.50 
+ 5.066 
+ 1.830 
-0.59 
-12.05 

-15.45 

• A small shoulder is observed on the -12.05 peak which is 
Ihe side band of the + 5.066 peak. 



Side band of +17.163 peak 
side band of + 5.066 peak 
KH KHCO3 
KH KHCO3 
KH KHCO3 
KH KHCO3 
H2O 

KH KHCO3 

Side band of + 17.163 peak 
KH KHCOj • 
KH KHCO3 



energies of the K2CO3 control and an electrolytic cell 
sample are shown in Table 2. The range of binding 
energies from the literature [12] for the peaks of inter- 
est are given in the final row of Table 2. The K 3p, K 
3s, K 2p3/2, K 2p,^, and K 2s XPS peaks and the O Is 
XPS peaks shifted to an extent greater than those of 
known compounds may correspond to and identify 
KH KHCO3. 



3.3, NMR 

The signal intensities of the 'H MAS NMR spec- 
trum of the K2CO3 reference were relatively low. It 
contained a water peak at 1.208 ppm, a peak at 5.604 
ppm, and very broad weak peaks at 13.2 and 16.3 
ppm. The 'H MAS NMR spectrum of the KHCO3 
reference contained a large peak at 4.745 with a small 
shoulder at 5.150 ppm, a broad peak at 13.203 ppm, 
and small peak at 1.2 ppm. 
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The 'H MAS NMR spectra of an electrolytic cell 
sample is shown in Fig. 7. The peak assignments are 
given in Table 3. The reproducible peaks assigned to 
KH KHCO3 in Table 3 were not present in the con- 
trols except for the peak assigned to water at +5.066 
ppm. The novel peaks could not be assigned to hydro- 
carbons. Hydrocarbons were not present in the electro- 
lytic cell sample based on the ToF-SIMS spectrum and 
FTIR spectra which were also obtained (see below). 
The novel peaks without identifying assignment are 
consistent with KH KHCO3. The NMR peak of the 
hydride ion of potassium hydride was observed at 
-0.376 ppm relative to TMS. The upfield peaks of 
Fig. 7 are assigned to novel hydride ion (KH-) in 
different environments. The down field peaks are 
assigned to the proton of the potassium hydrogen 
carbonate species in diflferent chemical environments 
(-KHCO3), 

/ 

3.4. FTIR 

The FTIR spectra of K2CO3 (99%) and KHCO3 
(99.99%) were compared with that of an electrolytic 
cell sample. A spectrum of a mixture of the bicarbon- 
ate and the carbonate was produced by digitally add- 
ing the two reference spectra. The two standards alone 
and the mixed standards were compared with that of 
the electrolytic cell sample. From the comparison, it 
was determined that the electrolytic cell sample con- 
tained potassium carbonate but did not contain potass- 
ium bicarbonate. The unknown component could be a 
bicarbonate other than potassium bicarbonate. The 
spectrum of potassium carbonate was digitally sub- 
tracted from the spectrum of the electrolytic cell 
sample. Several bands were observed including bands 
in the 1400-1600 cm"' region. Some organic nitrogen 
compounds (e.g. acrylamides, pyrolidinones) have 
strong bands in the region 1660 cm"' [13]. However, 
the lack of any detectable C=H bands (?s2800- 
3000 cm~^) and the bands present in the 700- 
nOO cm"' region indicate an inorganic material [14]. 
Peaks not assignable to potassium carbonate were 
observed at 3294, 3077, 2883. 1100, 2450, 1660, 1500. 
1456, 1423, 1300, 1154, 1023, 846, 761, and 669 cm" . 

The overlap FTIR spectrum of the electrolytic cell 
sample and the FTIR spectrum of the reference potass- 
ium carbonate appears in Fig. 8. In the 700-2500 cm' 
region, the peaks of the electrolytic cell sample closely 
resemble those of potassium carbonate, but they are 
shifted about 50 cm"' to lower frequencies. The shifts 
are similar to those observed by replacing potassium 
(K2CO3) with rubidium (RbjCOs) as demonstrated by 
comparing their IR spectra [15]. The shifted peaks may 
be explained by a polymeric structure for the com- 



pound KH KHCO3 identified by ToF-SIMS, XPS, 
and NMR. 

5,5. Further analytical tests 

X-ray diffraction (XRD), elemental analysis using 
inductively coupled plasma (ICP), and Raman spec- 
troscopy were also performed on the electrolytic 
sample [10]. The XRD data indicated that the diffrac- 
tion pattern of the electrolytic cell sample does not 
match that of either KH, KHCO3, K2CO3, or KOH. 
The elemental analysis supports KH KHCO3. In ad- 
dition to the known Raman peaks of KHCO3 and a 
small peak assignable to K2CO3, unidentified peaks at 
1685 and 835 cm"' were present. Work in progress 
[10] demonstrates that KH KHCO3 may also be 
formed by a reaction of gaseous KI with atomic 
hydrogen in the presence of K2CO3. In addition to the 
previous analytical studies, the fragment KK2COJ cor- 
responding to KH KHCO3 was observed by electro- 
spray ionization time of flight mass spectroscopy as a 
chromatographic peak on a CI 8 liquid chromatog- 
raphy column typically used to separate organic com- 
pounds. No chromatographic peaks were observed in 
the case of inorganic compound controls KI, KHCO3, 
K2CO3, and KOH. 



4. Discussion 

Alkali and alkaline earth hydrides react violently 
with water to release hydrogen gas which subsequently 
ignites due to the exothermic reaction with water. 
Typically metal hydrides decompose upon heating at a 
temperature well below the melting point of the parent 
metal. These saline hydrides, so called because of their 
saltlike or ionic character, are the monohydrides of the 
alkali metals and the dihydrides of the alkaline-earth 
metals, with the exception of beryllium. BeH2 appears 
to be a hydride with bridge type bonding rather than 
an ionic hydride. Highly polymerized molecules held 
together by hydrogen-bridge bonding is exhibited by 
boron hydrides and aluminum hydride. Based on the 
known structures of these hydrides, the ToF-SIMS 
hydride clusters such as K[KHKHC03]^ the XPS 
peaks observed at 22.8 and 38.8 eV, upfield NMR 
peaks assigned to hydride ion, and the shifted FTIR 
peaks, the present novel hydride compound may be a 
polymer, [KH KHCOa]^, with a structural formula 
which is similar to boron and aluminum hydrides. The 
reported novel compound appeared polymeric in the 
concentrated electrolytic solution and in distilled 
water. [KH KHCOa]^ is extraordinarily stable in 
water; whereas, potassium hydride reacts violently with 
water. 
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A5 an example of the structures of this com- 
pound the KIKHKHCO3I: m/. = (39 + 140n) senes 
of fra^nt peaks is tentatively assigned to novel 
M^df bridged or linear ^tassium bicar onaj. 
compounds having a general formula such as [KH 
KHCOjI, « = 1.2.3 ••■ formulas 
may be 



._ K*— H — K* — HCO3'-- 



_L K*— H-— K*— NO3 j- 

n 



no: 



n or 



— K 



and 



|_ K*— H — K*— HCO3' ^ 



Liquid chromatography/ESn-oFMS studies are m 
nrogress to support the polymer assignment. 

The observation of inorganic hydride fragments s..ch 
as K[KH KHCOd" in the positive ToF-SIMS s^lra 
of samples isolated from the electrolyte follow.ng acid- 
Ltion indicates the stability of the novel poUssmm 
hydride potassium bicarbonate compound [lO)^ Ihe 
electrolyte was acidified with HNO3 to pH = 2 and 
b'led'to dryness to prepare -mples .0 determtne 
whether KH KHCO3 was reacUve under these con- 
diuons. Ordinarily no K,CO, would be present and 
the sample would be converted to KNO3. Crystals 
were isolated by dissolving the dried crystals m water 
concentrating the soludon, and allowmg c^stals to 
precipitate. ToF-SIMS was performed on <hese «ys- 
^Is The posiUve spectrum conUmed elements of the 
« -es of inorganic hydride clusters (K[KHKHCO,t^^^^ 
, = (39-H40n), K20H[KHKHCX),i: m/z = (95+ I4()«). 
and K30lKHKHC03Vr, m/r={133+ I40«)} that were 
observLl in the positive ToF-SIMS sp«tr.m of the 
electrolytic cell sample as discussed m the ToF-S MS 
ResulU Section and given in Figs. 3 ''f 4 and Table U 
The presence of bicarbonate carbon (C l!S289.5 eV) 
was observed in the XPS of the sample from the 
HNO3 acidified electrolyte. In addition, fragments of 
compounds formed by the displacement of hydrogen 
carbonate by nitrate were observed 110). A general 
structural formula for the reaction maybe 



\ 



+ nHCO^ 



(4) 

During acidification of the KjCOj electrolyte the pH 
repetitively increased from 3 to 9 at w.h«=!"in,c ad- 
ditional acid was added with carbon dioxKle release, 
m increase in pH (release of base by the Utration 
reactant) was dependent on the temperature and con- 
centration of the solution. A reaction consistent wUh 
this observation is the displacement reacuon on NO, 
for HCO|" as given by Eq. (4). 



5. Conclusions 

The ToF-SIMS, XPS, and NMR results confirm the 
identification of KH KHCO3 with a new state of 
hydride ion. The chemical structure and propertiK of 
this compound having a hydride ion v«th a high bind- 
ng energy are indicative of a new field of hydnde 
chemistry The novel hydride ion may combine with 
other caTions such as other alkali cations and alkahne 
earth, rare earth, and transition element ca^'ons-Tho". 
Snds of novel compounds may be synthesized wrth 
extraordinary properties relaUve to the ^"^P^"^,^ 
compounds having ordinary hydnde lon^ These nove 
„unds may have a breath of apph^Uons. For 
Tmple a high voltage battery (Eqs. C"')) ^ccorftng 
to th^ hydride binding energy of 22.8 eV obs^ved by 
XPS may be possible having projected specificaUons 
that surpass those of the internal combusUon engine. 
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Appendix A 

A novel hydride ion having extraordinary chemical 
properties given by Mills [10] is predicted to form by 
the reaction of an electron with a hydrino (Eq. (A2)), 
a hydrogen atom having a binding energy given by 



Binding energy = 



13.6 eV 



(Al) 



where p is an integer greater than 1, designated as 



«[?] 



where is the radius of the hydrogen atom. The 
resulting hydride ion is referred to as a hydrino 
hydride ion, designated as H"(l/p). 



H|^^j+e--*H-{l/;7) 



(A2) 



The hydrino hydride ion is distinguished from an 
ordinary hydride ion having a binding energy of 0.8 eV. 
The latter is hereafter referred to as "ordinary hydride 
ion". The hydrino hydride ion is predicted [10] to com- 
prise a hydrogen nucleus and two indistinguishable 
electrons at a binding energy according to the follow- 
ing formula: 



Binding energy = - 



8m, 



(A3) 



where p is an integer greater than one, s = 1/2, tt is pi, 
fi is Planck's constant bar, /*o is the permeability of 
vacuum, is the mass of the electron, pi^ is the 
reduced electron mass, oq is the Bohr radius, and e is 
the elementary charge. The ionic radius is 



(A4) 



From Eq. (A4), the radius of the hydrino hydride ion 



H~ (1/p); p = integer is \/p that of ordinary hydride 
ion, H"(l/1). The XPS peaks centered at 22.8 and 
38.8 eV are assigned to shifted K 3s and K 3p. The 
anion does not correspond to any other primary 
element peaks; thus, it may correspond to the 
H~(n=l/6) £b = 22.8 eV hydride ion predicted by 
Mills [10] where E^, is the predicted binding energy. 

Hydrinos are predicted to form by reacting an 
ordinary hydrogen atom with a catalyst having a net 
enthalpy of reaction of about 



m 27.2 lev 



(A5) 



where m is an integer [10]. This catalysis releases 
energy from the hydrogen atom with a commensurate 
decrease in size of the hydrogen atom, r„ = nan. For 
example, the catalysis of H{n=l) to H(«=l/2) 
releases 40.8 eV, and the hydrogen radius decreases 
from flH to 1/2<1h- One such catalytic system involves 
potassium. The second ionization energy of potassium 
is 31.63 eV; and K"^ releases 4.34 eV when it is 
reduced to K. The combination of reactions K"^ to 
K^*^ and K"^ to K, then has a net enthalpy of reaction 
of 27.28 eV, which is equivalent to m = 1 in Eq. (A5). 

27.28 eV + K + + K + -fHr— 1 — K + K^^-I-Hf— 



+ [(/' + ir-p'jn.eev 

K + K^+-» K+ -I- K+ -I- 27.28 eV 
The overall reaction is 



(A6) 



(A7) 



-\-Kp-i-\f~p^]n-6eW (A8) 



The energy given off during catalysis is much greater 
than the energy lost to the catalyst. The energy 
released is large as compared to conventional chemical 
reactions. For example, when hydrogen and oxygen 
gases undergo combustion to form water 



H2(g) + ^02(g)- 



H^OO) 



(A9) 



the known formation enthalpy of water is 
A/ff = -286 kJ/mole or 1.48 eV per hydrogen atom. 
By contrast, each ordinary hydrogen atom (n = 1) cat- 
alysis releases a net of 40.8 eV. The exothermic reac- 
tions Eqs. (A6)-(A8), Eq. (A2) and the enthalpy of 
formation of KH KHCO3 could explain the obser- 
vation of excess enthalpy of 1.6 x 10^ J that exceeded 
the total input enthalpy given by the product of the 
electrolysis voltage and current over time by a factor 
greater than 8 [7]. 



t 
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Abstract 

Novel inorganic alkali and alkaline earth hydrides of the formula MHX and MHMX wherein a singly 

negatively charged anion, and H comprises a novel high binding energy hydride ion were synthe*d in^igh temperature 
gas cell by reaction of atomic hydrogen with a catalyst and MX or MX: corresponding lo an al^^^^^kahne earth metal 
compound, respectively. Novel hydride compounds were identified by time of flight secont^lS^^ spectroscopy. X-ray 
photoelectron spectroscopy, proton nuclear magnetic resonance spectroscopy, and thermal^coi-^sition with analysis by 
gas chromatography, and mass spectroscopy. © 2000 International Association for J^^^emWergy. Published by Elsevier 
Science Ltd. All rights reser\'ed. 



1. Introduction 

Typically the emission of extreme ultraviolet light from 
hydrogen gas is achieved via a discharge at high voltage, 
high power inductively coupled plasma, or a plasma creag 
and heated to extreme temperatures by RF couplingjefg."* 
> 10* K) with confinement provided by a toroi< 
netic field. Intense extreme ultraviolet (EUV) emii 
observed at low temperatures (e.g. « lO' 
hydrogen and certain atomized elements 
ions which ionize at integer multi^ 
energy of atomic hydrogen [1-6]. 
ionizes at integer multiples of th^ 
hydrogen. Intense EUV hyi 
observed at low temperatiir« 
hydrogen was generate^ 
a titanium dissociator atoi 



leous 
!ential 
itrontium 
of atomic 
emission was 
K) when atomic 
;n filament that heated 
strontium was vaporized 



from the metal byiSSHn^^^ission was observed when 
sodium, magnesiffin, or terium replaced strontium or when 
argon replac^yi^^^s^with strontium. Furthermore, the 
power b,^a^^§L^%as cell having atomized hydrogen 
and s^ii^^^^^neasured by integrating the total light 




^^Pding author. Tel.: +1-609-490-1040; fax: 
-|-]-605^Dtl066. 
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K;ted for detector response and energy over the 
S^rai^ [6], A control cell was identical except that 
placed strontium. In this case, over 4000 times 
^ver of the strontium cell was required in order to 
^e that same optically measured light output power, 
/^plasma formed at a cell voltage of about 250 V in the 
' cell with hydrogen alone and in the cell with hydrogen and 
sodium; whereas, a plasma formed in the strontium cell at 
the extremely low voltage of about 2 V. 

Based on their exceptional emission, we used potassium, 
cesium, rubidium, calcixmi, and strontium metals as cata- 
lysts to release energy fi-om atomic hydrogen to form novel 
compounds [1,2]. The theory is given in the Appendix. 

Novel inorganic alkali and alkaline earth hydrides of the 
formula MHX and MHMX wherein M is the metal, X, 
is a singly negatively charged anion, and H comprises a 
novel high binding energy hydride ion were synthesized in 
a high-temperature gas cell by reaction of atomic hydrogen 
with a catalyst and MX or MX? corresponding to an alkali 
metal or alkaline earth metal compound, respectively. For 
example, atomic hydrogen was reacted . with strontium va- 
por and SrBrj to form SrHBr. Novel hydride compounds 
such as SrHBr were identified by time of flight secondary 
ion mass spectroscopy. X-ray photoelectron specn^oscopy, 
proton nuclear magnetic resonance spectroscopy, and ther- 
mal decomposition with analysis by gas chromatography. 



0360-3199/00/$ 20.00 <D 2000 International Association for Hydrogen Energy. Published by Elsevier Science Ltd. All rights reserved. 
PlI: 50360-3199(00)001 13-0 



HE 1158 



RL. Mills et al. flnternotional Journal of Hydrogen Energy 000 (2000) 000-000 




Fig- 1. Stainless steel gas cell comprising a screen dissociator, 
metal catalyst, and alkali or alkaline earth halidc as the reactant. 
The components were: 301 — stainless steel cell; 317 — internal 
cavity of cell; 318 — high vacuum conflat fiange; 319 — mating 
blank conflat flange; 302 — stainless steel tube vacuum line and 
gas supply line; 303 — lid to the kiln or top insulation, 304, 305, 
350, and 306 — heaters; 307 — high temperature insulation; 308 
— screen dissociator, 309 — powdered alkali or alkaline earth 
halide reactant; 310 — high vacuum turbo pump; 3J2 — pressure 
gauge; 311 — vacuum pump valve; 313 — valve; 314 — valve; 
315 — regulator, 316 — hydrogen tank. 

and mass spectroscopy. Hydride ions with increased bi^ 
ing energies form novel compounds with potential bi 
applications such as a high-voltage battery for cj 
electronics and electric vehicles. In addition, jh< 
compositions of matter and associated 
have far-reaching applications in many ii^^^ Jnclud 
ing chemical, electronics, computer, igjtoy^^^^' 
aerospace in the form of products su^^i^^^I^ts, solid 
fiiels, surface coatings, structurat;JB^^s/mid chemical 
processes. 




2. Experimental 

2.1. Synthesis 



Mdride, KHI, synthesis in o SM I 



2.]. J. Pofns^ 
stainless^ 

Pot^^i^^^uonydridc was prepared in a stainless steel 
ga^cell^tow' in Fig. 1 comprising a Ni screen hydro- 
ge^^^optor (Belleville Wire Cloth Co., Inc.). potas- 
siummMi catalyst (Aldrich Chemical Company), and Kl 
(Aldrich Chemical Company 99.9%). The 316-stainless 



steel cell was in the form of a tube having an internal cavity 
of 375 mm in length and 140 mm in diameter. The wall 
thickness was 6.35 mm. The bottom of the cell was closed 
by a 6.35 mm thick circular plate of 316 stainless steel that 
was welded to the cylinder. The top end of the cell was 
welded to a bored-through 304 stainless steel conflat-type 
flange with 8 in nominal diameter. A mating blank flange 
was bolted to the bored-through flange with 20 silver-plated 
bolts. A flange gasket was silver-plated copper. A 1.27 cm 
OD tube was welded into a hole at the center of the blank 
flange. This tube was closed at one end and extended 20 
cm into the reactor, serving as a thermowell. A 9.5 mm OD 
stainless tube was welded to the flange approximately 4 cm 
from the flange center. This tube served as the vacuum line 
from the cell as well as a hydrogen or helium supply line 
to the cell. 

The reactor was heated in a 10 kW refractory brick kiln 
(L & L Kiln Model JD230). The kiln had^e heating zones 
and a heated floor that were each ^^i^J^ separate ra- 
diant elements. The zone tempef^t^g^^ndependently 
controlled by a Dynatrol controll^Tn^Ka^r was instru- 
mented with 5 type-K thermoco^es. T^o thermocouples 
were located in the centraL^fi^^^IEar ipproximately re- 
actor mid-height and at fl^ge- 1^1- Three thermocouples 
were fixed to the e^^^^^^^^^f reactor and were 
located near the ^^"g*^* 
The reactor w^^^^e^tirough bellows-type valves to 
a turbo vacu^n^np^^e vacuum level was measured by 
a 0-100 Toi^^Ptron vacmun gauge. Pressures above 100 
ToTT^^c mea^^ by standard dial-type pressure gauges- 
Tejjf^^^^ and pressure data was logged to a data acqui- 
yst^j at 5 min intervals, 
^pp^^^ately 290 g of nickel screen (0.5 mm wire, 2 mm 
Sesy^as placed circumferentially around the reactor inner 
ra" the cell. 125 g of dry Kl were placed in a stainless 
steel crucible on the reactor base. The reactor was flooded 
^ with argon gas. 1 .7 g of metallic potassium was placed in a 
smaller stainless steel crucible and this crucible was placed 
in the larger one with the Kl ciystals. The reactor was sealed 
and placed in the kiln. The system was evacuated for 2.5 h. 
The reactor was pressurized with hydrogen gas to a pressure 
of 10 Ton- and sealed. The kiln was heated to 650° C at the 
rate of 300° C/h. The reactor was held at 650''C for 72 h. 
Hydrogen was added to the system periodically to maintain 
a pressure level of 1 0 Torr. Tlie reactor was then evacuated 
for 1 h while at 650" C. The kiln and reactor were cooled to 
room temperature by forced convection in about 2 h while 
piunping continued. At room temperature the system was 
filled with helium gas to a pressure of 1.3 bar. The sealed 
reactor was then opened. About 1 25 g of green crystals were 
observed to have formed in the stainless steel crucible. 

2.1.2, Strontium ftuoro hydride synthesis in a 40 cn^ 
stainless steel gas cell reactor 

Strontiiun fluoro hydride was prepared in a stainless steel 
gas cell shown in Fig. I comprising a Ti screen hydrogen 
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Fig. 2. Quartz gas cell comprising a Ni screen dissociator, potassium 
mLl catalyst, and K2CO3 as the reactant. The components were: 
1 — internal cavity of cell; 3 — nickel hydrogen dissociator; 4 — 
quartz tube cell with Conflat Style flange; 5 — catalyst reservoir; 
6 — Pyrex cap with an identical Conflat style flange to the tube; 
25 — gas inlet line; 21 — gas outlet line; 1 1 — compressed gas 
cylinder of uhra high purity hydrogen; 13 — hydrogen control 
valve: 12 ~ compressed gas cylinder of ultrahigh purity helium; 
] 5 — helium control valve; 10 — mass flow controller; 30 — mass 
flow controller valve; 29 — inlet valve; 31 — mass flow controller 
bypass valve: 8 — molecular drag pump; 27 — vacuum pump 
valve; 28 — outlet valve; 7 — 0 to J 000 torr Baratron pressure 
gauge and a 0 to 100 ton Baratron pressure gauge; 20 — catalyst 
reservoir band heater; 14 - Zircar AL-30 insulation package; 2 
— Mellen cell heater. 



dissociator (Belleville Wire Cloth Co., Inc.), strontium metal 
catalyst (Alfa Aesar), and SrF; (Aldrich Chemical Compan" 
99.99%) as the reactant The 304-stainless steel cell war 
the form of a tube having an internal cavity of 7' 
length and 28 mm in diameter. The top end of th^ 
welded to a high vacuum 2 \ in bored through c^" 
The mating blank conflat flange contained a^gj 
in which was welded a ^ in diameter stainleT 
was 10 cm in length and contained a 
the reactor from the rest of the gas Txi 
copper gasket was placed betwe^^^ 
flanges are held together ' ' 
bottom of the \ in tube 
of the top flange. The \ 



also as a hydrogen or ^i^^ 
was surrounded 
which was in 
controlled b 

About 
0.6 g'^^^^ti 



that 

isolate 
iiNer plated 
iianges. The two 
\tial bolts. The 
the bottom surface 
a vacuum line and 
>ly line to the cell. The cell 
.a v..a..r ««». heater (Mellen Company), 
(urr^ded by insulation. The heater was 

"Tscreen, 12 g of crystalline SrFj and 
„..*metal was added to the cell under an 
re. The cell was then continuously evac- 



ing power to the heaters. The temperature of the cell was 
measured with a type K thermocouple (Omega). The cell 
temperature was then slowly increased to 100 C using the 
heaters. The vacuum pump valve was closed. Hydrogen 
was slowly added to maintain a pressure of 1 atm, and 
the needle valve was closed to isolate the reactor system. 
The temperature of the cell was then slowly increaswl to 
650° C. Hydrogen was added periodically to maintain 1 
atm using the needle valve. After 72 h, the temperature 
of the cell was reduced to room temperature. The reactor 
was flushed with helium and closed using the needle valve. 
It was then opened in an argon environment chamber to 
recover the strontium fluoro hydride. A white solid was 
obtained. 



2.1.3. Potassium hydride potassium hydrogen carbonate 
synthesis in a quartz gas cell reactor ^ 

Potassium hydride potassium hydr^giJ^Tbonate was 
prepared in a quartz gas cell sh<^^^^^comprising a 
nickel screen hydrogen dissocia^^%^ Wire Cloth 
Co.. Inc.), potassium metal cataly^Ald^ Chemical Com- 
pany), and K2CO3 (A)dri^^%giaJl#mpany 99.9%) as 
the reactant. The quartz c^ was m the form of a mbe hav- 
ing an internal millimeters in diameter 
and five hundred ,#^MJimeters in length. One end of 
the cell was n^^^pliw attached to a fifty (50) cubic 
centimeter ^p^re^oir. The other end of the cell was 
fitted with a^^t style high vacuum flange that was mated 
to a l^^cap^^ an identical Conflat style flange. A high 
vaj@^^^ was maintained with a Viton 0-ring and stain- 
3mp. The Pyrex cap included two glass-to-metal 
attachment of a gas inlet line and gas outlet 



uat'g^it^he isolation needle valve open using a high 
vacuv^frbo pump to reach 20 mTorr measured by a 
pressure cauge (MKS). The cell was heated by supply- 




™2^as was supplied to the cell through the inlet from a 
compressed gas cylinder of ultra high-purity hydrogen con- 
trolled by a hydrogen control valve. Helium gas was sup- 
plied to the cell through the same inlet fi-om a compressed 
gas cylinder of ultrahigh purity helium controlled by helium 
control valve. The flow of helium and hydrogen to the cell 
is further controlled by a mass flow controller, a mass flow 
controller valve, an inlet valve, and a mass flow controller 
bypass valve. The b>T)ass valve was closed during filling 
of the cell. Excess gas was removed through the gas out- 
let by a molecular drag piunp capable of reaching pressures 
of lO""* ToTT conn-olled by vacuimi pump valve and outlet 
valve. Pressures were measured by a 0-10 Torr Baratron 
pressure gauge. The reactor and the catalyst reservoir, were 
heated independently using clam shell heaters (Mellen Com- 
pany) powered by Variacs. The temperature was recorded 
using a K-type thermocouple placed -close to the quartz 
reactor. 

The cell was operated under flow conditions with a to- 
tal pressure of less than two (2) Torr of hydrogen or con- 
trol helium via mass flow controller. About 20 g of KiCOj 
(Aldrich Chemical Company, 99.9%) was placed in the 
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catalyst reservoir and about 50 g. 1 2 x 1 2 cm of nickel screen 
dissociator (Belleville Wire Cloth Co., Inc.) was treated with 
0.6 M KiCOi/lOyo H2O2 and dried at UO'^C overnight and 
then placed in the center of the reactor. The reactor was 
evacuated to about 50 mTorr and hydrogen was introduced 
using the mass flow controller to maintain a pressure of 
about 2 Torr. The temperature of the reactor was increased to 
about 80O-^5O°C to facilitate atomization of hydrogen, and 
the catalyst reservoir temperature was increased to 850 C 
to vaporize the catalyst. The reaction started when the cata- 
lyst vapor reached the hot zone of the reactor. TTie reaction 
was allowed to continue for about 1 20 h. The reaction was 
terminated by cooling the reactor and the catalyst reservoir 
to room temperature in hydrogen. The system was purged 
and back filled with helium and sealed. The reactor was 
opened in an argon environmental chamber and the samples 
were collected and analyzed. The compound was a white 
powder. 

2.1.4. Synthesis of alkali halido hydrides and alkaline 
earth halido hydrides 

A series of alkali and alkaline earth halido hydrides 
(KHF, KHCl, KHBr, KHl, RbHF, RbHCl, RbHBr, RbHl, 
CsHf! CsHCl, CsHBr, CsHl, CaHCl, CaHBr, CaHl, SrHF, 
SrHCl, and SrHBr) were synthesized in gas cells as de- 
scribed in the previous A-B Sections with the exception that 
the alkali or alkaline earth metal catalyst (rubidium metal 
(which is a catalyst as a hydride having Rb"^) and potas- 
sium, cestimi, calcium, and strontium metals) corresponded 
to the alkali or alkaline earth halide of the product alkali 
or alkaline earth halido hydride. RbHF was synthesized by 
the catalysis of atomic hydrogen with potassium metal cat- 
alyst followed by reaction with RbF wherein the hydrogen 
dissociator was a nickel screen. Reactants to form hydride 
of these inorganic compounds obtained from Alfa A^ 
were KF (99.9%), KCI (ACS grade 99+(99.9'^^bl 
(99.9%), CsF (99.9%), CsCl (99.9%), CsBr (99.^), C^ 
(99.9%), CaCh (99.9%). CaBrj (99.9%),^ 
SrFi (99.9%), SrCb (99.9%), and SrBn ^W^- 
analytical analyses, each starting compauna*w^ al^used 
as a control. 



2.2. T0F-SIMS characterize 




.^^ ikled onto the surface 
land characterized using a 
ToF-SIMS instrument. The 
ItilizeAa ^'Go"^ liquid metal sowce. In 
.^^^^^contaminants and expose a fresh 
pies were sputter cleaned for 30 s using 
..Xraster. Tlie aperture sening was 3, and 
was 600 pA resulting in a total ion dose of 



The crystalline sampK 
of a double-sided adhesj 
Physical Electron 
primary ion ; 
order to remo 
surface, 

a 40 iJ^^f^Jin 
th^ion ( 
lO^'^tos^^ 

Du^^Scquisition, the ion gun was operated using a 
bunched (pulse width 4 ns bunched to 1 ns) 15 kV beam 



[7,8]. ' The total ion dose was lO'^ions/cm^ Charge neu- 
tralization was active, and the post accelerating voltage 
was 8000 V. Three difTerent regions on each sample of 
(12 Mm)^(18 nm)^ and (25 pm)^ were analyzed. The 
positive and negative SIMS spectra were acquired. Repre- 
sentative post sputtering data is reported. 

2.3. XPS characterization 

A series of XPS analyses were made on the crystalline 
samples of KHCl and KCI using a Scienta 300 XPS Spec- 
trometer. The fixed analyzer transmission mode and the 
sweep acquisition mode were used. The step energy in the 
survey scan was 0.5 eV, and the step energy in the high res- 
olution scan was 0.15 eV. In the survey scan, the time per 
step was 0.4 s, and the number of sweeps was 4. In the high 
resolution scan, the time per step was 0.3 s, and the number 
of sweeps was 30. C Is at 284.5 eV was u^ as the internal 
standard. 

The binding energies and feattfes oll^^vel electrons 
of a series of alkali and alkaline ea^l^^^^des (KHCl, 
KHI, RbHCl, RbHl. CsHBr, Cafc, C^r, CaHl, SrHF, 
SrHCl, and SrHBr) were^l^e^^fPS, XPS analysis 
was conducted on a Kra^XS%^-800 spectrometer us- 
ing nonmonochromat^A^^^^8.6 eV) radiation. Sam- 
ples were criished^^^^^'boX under argon and moxinted 
on an analysis st^^ff^irper tape. A piece of gold foil 
was stuck in^^^a^^ for calibration. The samples were 
transferred ^^^n inert atmosphere. A survey spectrum 
was rxiiLfroml^g to 0 eV. For quantitative analysis, high 
pectra were run on core level electrons of inter- 
gh a^e Rb3d and Cs3d electrons. For KI and KHl, a 
Wion spectrum of the low binding energy region 
bTrun fi-om 100 to 0 eV that corresponded to the sur- 
pectrum. Fixed analyzer transmission (FAT) mode was 
I all measurements. For the survey scan, a pass en- 
^ ergy of 320 eV was employed. A pass energy of 40 eV was 
used for high resolution scans. In the cases were a charging 
effect was observed, the spectrum was corrected by using a 
calibration of the effect with the Au4f7/2 peak at 84.0 eV as 
a first standard and the Cls peak at 284.6 eV as a second 
standard. 

2.4. N MR spectroscopy 

'H MAS NMR was performed on solid samples of KHl, 
KHCl, KHBr, and RbHF. The data was obtained on a 
custom built spectrometer operating with a Nicolet 1280 
computer. Final pulse generation was from a timed Henry 
radio amplifier. The 'H NMR fi-equency was 270.6196 
MHz. A 5 p s pulse corresponding to a 41 pulse length and 
a 3 recycle delay were used. The window was ±20 kHz. 
The spin speed was 4.0 kHz. (The spin speed was varied 
to confirm real peaks versus side bands. The latter changed 



' For recent specificDtions see Ref. [8]. 
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position with spin speed, the former were independent 
of spin speed.) The number of scans was 600. The off- 
set was 1541.6 Hz, and the magnetic flux was 6.357 T. 
The samples were handled under a nitrogen atmosphere- 
Chemical shifts were referenced to external tetramethyl si- 
lane (TMS). The reference of KHl comprised KH (Aldrich 
Chemical Company 99%) and equivalent molar mixtures 
of KH (Aldrich Chemical Company 99%) and Kl (Aldrich 
Chemical Company 99.99%) prepared in a glove box un- 
der argon. The reference of KHCl comprised KH (Aldrich 
Chemical Company 99%) and equivalent molar mixtures of 
KH (Aldrich Chemical Company 99%) and KCI (Aldrich 
Chemical Company 99.99%) prepared in a glove box un- 
der argon. The reference of KHBr comprised KH (Aldrich 
Chemical Company 99%) and equivalent molar mixUires of 
KH (Aldrich Chemical Company 99%) and KBr (Aldrich 
Chemical Company 99.99%) prepared in a glove box under 
argon. The reference of RbHF comprised RbH (Aldrich 
Chemical Company 99%). 

'H MAS NMR was performed on a solid samples of 
SrHBr. The data were recorded on a Bruker DSX-300 spec- 
trometer at 300.132 MHz. Samples were packed and sealed 
in 5 mm diameter NMR tubes under an inert atmosphere. 
The 'H MAS NMR of strontium bromo hydride was run 
static. The MAS frequency was 4.1 kHz. During data acqui- 
sition, the 90° pulse length for a single pulse 'H excitation 
was 3.4 us; the sweep width was 147.058 kHz; the dwell 
time was 5.5 ps, and the acquisition time was 0.0139764 
s/scan. The number of scans was typically 32. 

The hydrogen composition of the samples was quantified 
by integrating the signal under each peak. In each case, the 
signal from an empty tube was baseline subtracted from 
the integral for each peak. The integration was calibrated 
using a polyethylene standard. From the sample weight, the 
wt% hydrogen was determined. The chemical shifts 
spectra were calibrated based on the chemical shift 
The accuracy was determined to be within 0.1 pp| 
samples were broadened due to 'H-'H dipole^tf 
The broadening from a neighboring P^^to^J^^^^ 
120 kHz/r'. Given the NMR frequency of^^plj^there 
were 300 Hz per ppm. As an examd^%a^^^ls of 7 
ppm correspond to 2.1 kHz. Based^^^^^uency, the 
distance to a neighboring proto^l^^^. Motion of the 
protons could result in line "^^^^fl^^,^ 

2.5. Thermal <iecompo£no^^lr^^cjlysis by gas 
Chromatography jp 

Solid samplesScre d^mposed at high temperature and 
quantitativel^^^^^r hydrogen using gas chromatog- 
raphy. 0f^^(^^^ple was placed in a thennal decom- 
positid^e^^^^er an argon atmosphere. The reactor 
compri^^!^' OD by 3" long quartz t\ibe that was sealed 
at^e:«nd^d connected at the open end with Swagelock™ 
fittin^wt^^T. One end of the T was connected to a needle 
valve and a HOVAC molecular drag pump. The other end 



was attached to a septum port. The apparatus was evacuated 
to between 25 and 50 m Ton. The needle valve was closed 
to form a gas tight reactor. The sample was heated in the 
evacuated quartz chamber containing the sample with an 
external Nichrome wire heater using a Variac transformer. 
The sample was heated to above 600"'C by varying the 
transformer voltage supplied to the Nichrome heater until 
the sample melted. Gas released from the sample was col- 
lected with a 500 pi gas tight syringe through the sepnim 
port and immediately injected into the gas chromatograph. 

Gas samples were analyzed with a Hewlett Packard 5890 
Scries II gas chromatograph equipped with a thermal con- 
ductivity detector and a 60 m, 0.32 mm ID fused silica 
Rt-Alumina capillary PLOT column (Restek, Bellefonte, 
PA). The column was conditioned at 200°C for 1 8-^72 h be- 
fore each series of runs. Samples were run at -196 C using 
Ne as the carrier gas. The 60 m column was run with the 
carrier gas at 3.4 psi with the following Mw rates: carrier 
— 2.0 ml/min, auxiliary — 3.4 ml/m^^^reference — 
3.5 ml/min, for a total flow f^tc^^j^^^^^nin. The split 
rate was 10.0 ml/min. m^^^^ 

The control hydrogen gas wa^trahip purity (MG In- 
dustries). Control samples^^^^.^ated by the same 
method as the samples ofjie now] compounds. 



2.6. Thermal (lei 
spectroscopy 




with analysis by mass 





Mass spec®^5py was performed on the gases released 
from the then^fedecomposition of the samples. One end 
of^^^^lD fritted capillary tube containing about 5 mg 
as sealed with a 0.25 in. Swagelock imion and 
_ ;]ock Co., Solon, OH). The other end was con- 
leAiSrectly to the sampling port of a Dycor System 1000 
^pole Mass Spectrometer (Model D200MP, Ametek, 
InT, Pittsburgh, PA with a HOVAC Dri-2 Tiuto 60 Vac- 
uum System). The capillary was heated with a Nichrome 
wire heater wTapped around the capillary. The mass spec- 
trum was obtained at the ionization energy of 70 and 
30 eV at different sample temperatures in the region 
m/e - 0-50. With the detection of hydrogen indicated by 
a mfe = 2 peak, the intensity as a function of time for 
masses mje = \, m-e = 2, m/e = 3, mje = 4, ynfe = 5, 
and Hi/e= 18 was obtained while changing the ionization 
potential (IP) of the mass spectrometer from 30 to 70 eV. 

The control hydrogen gas was ultrahigh purity (MG 
Industries). 

3, Results and discussion 

3.1. ToF-SJMS 

3.1. L ToF-SJMS of potassium iodo hydride sample 

The positive ToF-S IMS spectrum (W*?== 0-1 40) of KHl, 
the positive ToF-SlMS spectrum (m/e = (^140) of Kl, the 
negative ToF-SIMS spectnim {mje = 0-140) of KHK and 
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Fig. 3. (a) The positive ToF-SIMS spectnim (m/e = 0-140) of 
KHI. (b) The positive ToF-SlMS spectrum (mfe = 0-140) of KJ. 
(c) The negative ToF-SlMS spectmm (m/c= 0-140) of KHI. (d) 
The negative ToF-SIMS spectrum (m/c = 0-140) of K). 



the negative ToF-SlMS spectnim (m/e = 0-140) of Kl are 
shown in Figs. 3a-d, respectively. The positive ion spectnim 
of KHI and that of the Kl control were dominated by the^ 

ion. A K^"^ ion was only observed in the positivej 
spectnim of the KHI. 

Ga+ mjz = 69, Y^t mfz = 78, K(KC1)+ m/z 
7+ mjz = 127, KJ'^ mjz = 166, and a series of j 
K[K1];^ m/z=(39+ i66n) were also observeg 
ion ToF-SlMS of KHI was dominated by 1 
1~ peak. Iodide alone dominated the n^ 
of the Kl control. For both, O" 
17, Cr'm/z = 35, Kl" Wz=Ji 
I[K1]; mfz = (127 + 166n) >^^ffifib^ 

3.1.2. ToF-SIMS of p^^m^^ide potassium 
hydrogen carbonate ™ 

The positive J^^^lN&^^ctnim obtained from the 
KHCO3 control '''Ss. 4 and 5. (KHCO3 was used 

as a control ^^^^^^^3 because the fomier is more con- 
servativeffltlia^^ntains a larger source of H). In addition, 
the pc^^^^^^S of the KH KHCO3 sample is shown 
in^gs?^^^^- In both the control and KHKHCO3 sam- 
plS^tbe ^Pt've ion spectnim arc dominated by the K"*^ ion. 
Two s^^ of positive ions {K[K2C03];^ m/z = (39+ 138«) 
and KiOHfKsCOj]^ mjz = (95 + I38n)} are observed 



in the KHCO3 control. Other peaks containing potas- 
sium include KC^ K,0+,K.0^H:^, KCO+, and K^^. 
However, in the KH KHC63 sample, three new series of 
positive ions are observed at {K[KHKHC03]J mfz = 
(39 + 140n), K20H[KHKHC03];^ mjz = (95 + I40/i), 
and K3OPCH KHCOslJ mjz = (133 + 140rt)}. These ions 
conespond to inorganic clusters containing novel hydride 
combinations (i.e. KHKHCO3 units plus other positive 
fragments). The same compound was seen previously in a 
sample isolated from a K2CO3 electrolytic cell [9]. 

The comparison of the positive ToF-SlMS spectrum of 
the KHCO3 control with the KH KHCO3 sample shown in 
Figs. 4 to 5 and 6, 7, respectively, demonstrates that the -"K"^ 
peak of the KH KHCO3 sample may saturate the detector and 
give rise to a peak that is atypical of the natural abundance 
of ^'K. The natural abundance of ^'K is 6.7%; whereas, the 
obser\'ed '"K abundance from the KHKHCO3 sample is 
53%. The high resolution mass assignmen^f the m/z = 41 
peak of the KH KHCO3 was consistenU?^^, and no peak 
was observed at m/z = 42.98 rulfej;,g^ 
the natural abundance of ^'K wi 
ToF-SlMS spectra of KHCO3, K^; 
were obtained with an ioglS'^^^l^ttjel 
intensity was an order of ^agnii 
for the KH KHCO3 saini?le%h^.; 




. Moreover, 
the positive 
iKl standards that 
that the "K peak 
!e higher than that given 
iration of the -"K peak of 



the positive ToF 
is indicative ot^ 

The negj 
the KHCO3 
are shesSP Fi 
T( 




InuTi by the KH KHCO3 sample 
ciy^talline matrix [10], 
.F%MS spectnim (m/e = 0-100) of 
%) sample and the KH KHCO3 sample 
8 and 9, respectively. The negative ion 
f the KH KHCO3 sample was dominated by 
OH" peaks. A series of nonhydride contain- 
t ions {KC03tK2C03r m/z = (99 + 138n)) 
io present which implies that H2 was eliminated 
KHKHCOs during fragmentation of the compound 
KHCO3. Comparing the H" to O" ratio of the 
KH KHCO3 sample to that of the KHCO3 control sample, 
the H" peak was about an order of magnitude higher in the 
KH KHCO3 sample. 



5. J. 5. ToF-SIMS of rubidium fluoro hydride sample 

The positive ToF-SIMS spectrum (m/e = 0-100) of 
RbHF, the positive ToF-SIMS spectnim (m/e = 0-100) 
of RbF, the negative ToF-SIMS spectrum (m/e = 0- 
00) of RbHF, and the negative ToF-SlMS spectnim 
(m/e = 0-100) of RbF are shown in Figs. lOa-d, re- 
spectively. The positive ion spectrum of RbHF and that 
of the RbF control were dominated by the Rb* ion. 
Ga-' m/z = 69, Rbt m/z = 170, RbF+ m/z = 104, and 
a series of positive ions Rb[RbF]+ m/z = (85 + 104/1 ) 
were also observed. The negative ion ToF-SIMS of RbHF 
was dominated by H" with a smaller F~ peak. Flu- 
orine alone dominated the negative ion ToF-SIMS of 
the RbF control. For both, O' m/z = 16, OH" m/z = 
17, Cr m/z = 35, RbF" m/z = 104, a series of negative 
ions F{RbF]~ mfz = ( 19 -1- 104n) were also observed. 
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Fig. 4. The positive ToF-SIMS spectrum (m/^^00)mHCO3 (99.99%) where HC = hydrocarbon. 



3 J. 4. ToF-SIMS of strontium fiuoro hydridesar^ 

The positive ToF-SIMS spectnim obtM 
SrHF sample is shown in Fig. 11. The p^^^s^trum 
was dominated by the strontium pc^^%_^^^*^ 
a ^*SrH+ mjz = 89 peak. Lithiur^oJatk. potassium, 



CjfT, m/z = 27 
^^^''^TiH* m/z = 
88SrOH+ w/z = 
erved. 

SrF2 control was also 
itium peak Sr"^ m/z = 88. 
m/z — 89 peak was present, 
siiim, hydrocarbon fragments, 
SrF'^ m/z = 107 were also obseired. 
aks were much more intense in the 
■than in the SrHF sample, and a large silicon 
sent. 

Jative ion ToF-SlMS of SrHF shown in Fig. 12 
was dominated by H~ and F" m/z = 19 of equal inten- 



small hydrocarbon fragments 
and CzHi m/z = 29, '**Ti 
49, Ti,0:, TivO.H-^, K: 
105, **SrF-^ m/z =107/ 

The positive spec 
dominated by tl^^tl 
A much smaI]^**Sr] 
Lithium, 




sity. Fluoride alone dominated the negative ion ToF-SlMS 
of the SrFj control. For both samples, smaller O" m/z — 
16, OH" m/z = 17, hydrocarbon fragment peaks such as 
C" m/z=!2andCH~ m/z=13, CI" m/2=35, SrFj" m/z= 
126, and I" m/z=m were observed. A hydride peak which 
was significantly smaller than the O" m/z = 16 peak was 
observed in the control. Ti^C H" was observed in the SrHF 
sample. The hydrocarbon peaks were much more intense in 
the control. 

The negative ToF-SlMS relative sensitivity factors (RSF) 
for the halides are all about equivalent. The hydrino hydride 
ion is in the same group as the halide ions. Thus, its RSF 
is projected to be equivalent to that of the halides. There- 
fore, the atomic percentage of hydrino .hydride ion may be 
determined by comparison of its intensity with that of the 
fluoride ion of the product SrHF. The atomic percentage 
of hydrino hydride ion is equivalent to that of fluoride as 
shown in the negative ToF- SIMS. Since essentially no other 
cations are present, the positive and negative ToF-SlMS 
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Fig. 5. The positive ToF-SIMS spcctmra 200^0) of KHCO3 (99.99%) where HC = hydrocarbon. 



indicates that SrHF is the product of the g: 
SrFj in the presence of atomic hydrog^ 
catalyst. 



>n of 
metal 





3.2. XPS 

3.2. L XPSofpotassh 

A survey speci 
10 1200 eV. Thfepnmi 
deteiminatioi 



iodoW^dride sample 

ned over the region £4 = 0 
element peaks allowed for the 
elements present in MHX and the 
ey spectrum also detected shifts in the 
;es dt the elements which had implications to 
ot%ie compound containing the elements, 
survey scan of Kl and KHl are shown in 
Figs, fi^nd b, respectively. Cls at 284.5 eV was used 
as the internal standard for KHI and the control Kl. The 



major species present in the KHl sample and the control 
are potassium and iodide. Trace small amounts of carbon- 
ate carbon and oxygen were also identified in the KHl 
sample. 

The 0-100 eV binding energy region of a high reso- 
lution XPS spectrum of Kl and KHl are shown in Figs. 
14a and b, respectively. Peaks centered at 21 and 37 eV 
which do not correspond to any other primary element peaks 
were observed in the case of the KHl sample. The inten- 
sity and shift match shifted K3 s and K3 p. Hydrogen is the 
only element which does not have primary element peaks; 
thus, it is the only candidate to produce the shifted peaks. 
These peaks may be shifted by a highly binding hydride 
ion H-(l/6) with a binding energy of 22.8 eV given by 
Eq. (A. 12) that bonds to potassium K3 p and shifts the 
peak to this energy. In this case, the K3 s is similarly 
shifted. 
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Fig. 6;J^sh^oF*SIMS spectr^jm {m/e = 0-200) of the KH KHCOy sample. 



3.2.2. XPS ofpoinssit^^cJtf^l^ride sample 

A survey spectrum obt^ed over the region Eb = ^ 
to 1200 eV. The n^^ryxlfe^t peaks allowed for the de- 
termination of a^of th^elements present in the magenta 
crystals of thf^^^pple and the control KCl. The sur- 
vey spectfiSm;al^^etected shifts in the binding energies of 
the el^t^SE^^n had implications to the identity of the 
conopou^eOTfeining the elements. 
^^J<^survey scan of the KHCl sample and the KCl 
contr^^^ple are shown in Figs. 15 and 16, respectively. 
CIs at 284.6 eV was used as the internal standard for the 



KHCI sample and the control KCl sample. The major species 
observed in the KHCI sample and the control were potas- 
sium and chlorine. Trace small amounts of carbon, oxygen, 
fluorine, iodine, and silicon were also identified in the KHCI 
sample. The identifying peaks of the primary elements and 
their binding energies are: FKL23L23 at 831.0 eV, Fls at 
688.4 eV and at 682.8 eV, 01s at 530.6 eV, K2s at 377.2 
eV, K2p,/2 at 295.4 eV, K2p3/2 at 292.5 V, CI s at 284.6 eV, 
C12s at 268.9 eV, C12p,/2 at 199.5 eV, C12p3/2 at 198.0 eV, 
Si2s at 152.4 eV, and Si2p3/i at 101.9 eV. The K 3p and 
K 3s of the KHCI sample occurred at 16.7 and 32.8 eV, 
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Fig. 8. The negative ToF-SIMS spectmni {m/e = 0-100) of the KHCO3 (99.99%) sample. 
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Fig. 9. Tbc negative ToF-SlMS spectrum (m/e = 0-100) of the KH KHCO3 sample. 
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Fig. 10. (a) The positive ToF-SlMS spectmm (m/e = of 
RbHF. (b) The positive ToF-SlMS spectnim (m/e=0-I Og^of Rb^ 

(c) The negative ToF-SlMS spectmm (m/c = 0- 

(d) The negative ToF-SIMS spectmm (m/e = 0^ 



respectively. The K3p and K3 s 
at 1 7.0 and 32.8 eV, respecti' 

No elements were presej 
be assigned to peaks in 
the exception of the K Ik and 



K.C1 occurred 



urvcy scan which could 
ig energy region with 
3s peaks at 16.7 and 32.8 
ind I4d5/2 peaks at 51.8 and 
. A^ordingly, any other peaks in this 
*ivel species. The 0-125 eV bind- 
f a high resolution XPS spectrum of 
the control KCl sample are shown in 
respectively. The XPS spectrum of the 
e differs from that of KCl by having an addi- 
e at 36.7 eV. The XPS peak centered at 36.7 eV 
that does not correspond to any other primary element peak 




may correspond to the W {n = \ j%)Eb = 36.1 eV hydride 
ion given by Eq. (A. 12) where is the predicted vacuum 
binding energy. Also the K 3s and K3 p peaks in the KHCl 
sample are wider when compared to the K3 s and K3 p of 
the KCl control. The C13p at 16 eV is merged with the K3 
p of the KHCl sample, but the peaks arejeparated in the 
control taken at the same resolution. ^Jg^WW indicates 
that the environment of K in th^KHO^ple is different 
from that of KCl. The data furthg^^kJf^he formation 
of a novel compound. 

3.2.3. XPS of alkali hah^^^^t's and alkaline earth 
halido hydrides ^^"^^^^^^ 

The binding en^^^^^^ures of core level electrons 
of a series of a^^'^^it^ie earth halido hydrides (KHF, 
KHCl, KH^^ft,^^F, RbHCI, RbHBr, RbHl, CsHF, 
CsHCl, Csl^^Hl, CaHCl, CaHBr, CaHl. SrHF, SrHCl, 
and S^Sr) we^nalyzed by XPS. The local strucmre of 
msl^^^^s and metal halido hydrides was investigated by 
tS metal core levels including K 2p, Rb 3d, Cs 
^Cl^^and Sr 3d, and halogen core level including F 
&2p Br 2p, and ! 3d. As atomic hydrogen undergoes 
Son with a catalyst to form a lower-energy hydrogen 
species which subsequently reacts with the metal center in 
1 halide compound, alterations in the electronic structure of 
the metal such as changes in core level binding energies and 
spin-orbital energies relative to the starting halide are ex- 
pected. In order to compare the full width at half maximum 
(FWHM) of the peaks, the difference between spin-oibit 
splitting in the core level was determined using curve fit- 
ting in the same or a close energy range. In some cases, 
the absolute core level binding energy was not calibrated, 
which did not affect the validity of the comparison of FWHM 
values. The results of the determination of the binding ener- 
gies of selected core level electrons, full width at half max- 
imum of the peaks, and energy of spin-orbital splitting for 
alkali halido hydrides, calciimi halido hydrides, and stron- 
tium halido hydrides compared with the corresponding alkali 
halides, calcium halides, and sn-ontium-halides are listed in 
Tables 1-3, respectively. The XPS spectra of the K 2p core 
level in KI, KHl appear in Figs. 19a and b, respectively. The 
XPS spectra of the 1 3d core level in Kl and KHI appear 
in Figs. 20a and b, respectively. The XPS spectra of the Ca 
2p core level in CaBr2 and CaHBr appear in Figs. 21a and 
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Fig. n. The posil 



b, respectively. The XPS spectra of 
SrBr: and SrHBr appear in Fi] 
The XPS spectra of the Br 2p 
appear in Figs. 23 a and b^^^ 

]t is clear that the F' 
in alkali and alkaline e 




cc^ level in 
I b, respectively. 
^rBr2 and SrHBr 



that in the corres^ 
ening ranges fro! 
The n^end fo^/ 
iodo hy 
hydri' 
al]^i a1 
only^jbouj 
halide. 



etal core level peaks 
b hydrides is broader than 
. The magnitude of broad- 
9 eV, depending on compound, 
ling effect follows the sequence: 
hydrides > fiuoro hydridcs^chloro 
the halogen core level FWHM in both 
l^ne earth halido hydrides is broadened by 
l2 to 0.3 eV compared to the corresponding 
iparing the alterations in the metal core levels 




versus the halogen core level indicates that the lower-energy 



tctrum obtained from the SrHF sample. 



hydrogen species is bound to the metal center of the al- 
kali or alkaline earth halide. This binding influences the 
metal core level with little perturbation of the halogen core 
level. 

Each of the spectra of potassium iodo hydride, calcium 
bromo hydride, and strontium bromo hydride were curve 
fit with one spin-orbit splitting component having a sim- 
ilar FWHM and energy separation as that of the starting 
material potassium iodide, calcium bromide, and strontium 
bromide, respectively. An additional -spin-orbit splitting 
component had to be added to each of potassium iodo hy- 
dride, calcium bromo hydride, and strontium bromo hydride 
in order to obtain a good curve fit of the K 2p, Ca 2p, and Sr 
3d spectra. In each case, the second component of spin-orbit 
splitting is assigned to the formation of the alkali or 
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Fig. 12. 



alkaline earth metal halido 
SrHBr, respectively. The^ 
shifts the K 2p, Ca 2p ' 
energies relative to the 
and SrBrj, respe^^. 

The XPS datafiearly 
structure at tl 
metal hal 
metal 




oF-SlMS spectnjm obtained from the SrHF sample. 



CaHBr. and 
Tnovel hydride ion 
; to lower binding 
Jiding peaks of KK CaBrj, 




idicates a change in the electronic 
level and different bonding in the 
[errelative to that in the corresponding 
[t sTr^ngly suggests the formation of a novel 



'hich is consistent with the supporting data 
PS given above and NMR, ToF-SlMS, and gas 
phy/mass spectroscopy given in the respective 



3,3. NAdR 

To eliminate the possibility that the alkali halide MX in- 
fluenced the local environment of the ordinary alkali hy- 
dride MH to produce an NMR resonance that was shifted 
upfield relative to MH alone, controls comprising MH and 
a MH/MX mixture were nin. 

3.3.]. NMR of potassium iodo hydride sample 

The 'H MAS NMR spectra of the KHI sample, the con- 
trol comprising an equal molar mixture of KH and KI, and 
control KH relative to external tetramethylsilane (TMS) are 
shown in Figs. 24a, b, and c, respectively. Ordinary hy- 
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Fig. 13. (a) The XPS survey scan of KJ. (b) The XPS survej^i 





80 70 
^{b) Binding Energy / eV 



Tie^O-IOO eV binding energy region XPS spectrum of KJ. (b) The 0-100 eV binding energy region XPS spectrum of KHl 
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Binding Energy [eV] 

Fig. 15. The XPS survey scan of the KHCl sample. 




Binding Energy (eVJ 




M Fig. 16. The XPS survey scan of the KG control sample. 



fat 1.1 and 0.8 ppm in the KH/Kl 
fafane as shown in Figs. 24b and c, re- 
fltional peak at 4.5-4.6 ppm is assigned 
from air exposure of KH during sample 
|e spin speed was varied to confirm real peaks 
■ bands. The latter changed position with spin 
speed, the former were independent of spin speed. The un- 



labeled peaks shown in Figure 24a were found to be side- 
bands. 

The presence of Kl does not shift the resonance of ordi- 
nary hydride. The resonance at 0.9 ppm which is assigned 
to ordinary hydride ion was obsers ed in the spectrum of the 
KHl sample as shown in Fig. 24a. The distinct 0.8 and 1.1 
ppm resonances could not be resolved if they were present. 
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Binding Energy [ftVl 

Fig. ]7. The 0-125 eV binding energy region of a high resolution XPS spectrum of^^% 




Binding Etiergy leV) 



Fig. 18. 




A large distinct i^eld r^nance was observed at -3.2 ppm 
which was not^^^^^ either control. This upfield shifted 
peak is Q^fiSi^^^'^"^ hydride ion with a smaller radius 
as con^^^l^Wdinary hydride since a smaller radius in- 
cr^es^^hfeding or diamagnetism. The -3.2 ppm peak 
is^ignc^b a novel hydride ion that has a smaller radius 
ihanT^^ordinary hydride ion since the shift was extraor- 
dinarily far upfield in the case of the KHl sample. 



Ending energy region of a high resolution XPS spectrom of the KCl control sample. 



3.3.2, NhdR of potassium chloro hydride sample 

The 'H mas NMR spectra of the KHCl sample, the con- 
trol comprising an equal molar mixture of KH and KCl, 
and the control K.H relative to external tetramethylsilane 
(TMS) are shown in Figs. 25a, b, and c, respectively. Ordi- 
nary hydride ion has a resonance at 1.1 and 0.8 ppm in the 
KH/KCl mixture and in ICH alone as shown in Figs. 25b 
and c, respectively. The additional peak at 6 ppm is assigned 
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Table I 

The results of the determination of the 
of spin-orbit splitting for alkali halido 



binding energies of selected core level electrons, full width at half maximum of the peaks, and energy 
hydrides compared with the corresponding alkali halides 



Compound 



KHBr 



RbHF 



Peak 



K 2p3/2 
K 2pl/2 



K 2p3/2 
K 2pl/2 



K 2p3/2 
K 2pl/2 

. CI 2p3/2 
CI 2pl/2 

K 2p3/2 
K 2pI/2 

CI 2p3/2 
CI 2pl/2 

K 2p3/2 
K 2pl/2 

Br 3p3/2 
Br 3pl/2 

K 2p3/2 
K 2pI/2 

Br 3p3/2 
Br 3pl/2 

K 2p3/2 
K 2p,/2 



Binding 
energy (eV)» 



298.37 
301.11 

688.97 

296.12 
298.84 

687.60 

296.87 
299.62 

202.27 
203.95 

297.09 
299.85 

202.57 
204.19 

297.15 
299.90 



Full width at half maximum 
(FWHM) (cV) 



Energy of spin- 
orbit splitting (eV) 



2-24 
2.27 

2.33 

2.61 
2.61 



2.75 




Rb 3d5/2 
Rb 3d3/2 
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Table 1. (Continued) 



Compound 



Peak 



Binding 
energy (eV)» 



Full width at half maximum 
(FWHM) (eV) 



Energy of spin- 
orbit splitting (eV) 




'Uiftial^lcd, except for KI and KHl 
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Table 2 . . , , , j 

The results of the dctenninaiion of binding energies of selected core level electrons, full width at half maximum of the peaks, and energy 

of spin-orbit splitting for calcium halido hydrides compared with the corresponding calcium halides 



Compound 



CaHCl 



CaBrj 



CaHBr 



Peak 



Ca 2p3/2 
Ca 2p,/2 

CI 2p3/2 
CI 2p,/2 

Ca 2p3/2 
Ca 2p,/2 

CI 2p3/2 

CI 2p,/2 

Ca 2p3/2 
Ca 2p,/2 

Br 3p3/2 
Br 3pi/2 

Ca 2p3/2 

Ca 2p,;2 



Binding 
energy (eV)' 



Full width at Half Maximum 
(FWHM) (eV) 



Energy of spin- 
orbit splitting (eV) 



352.18 
355.69 

203.12 
204.93 

351.95 
355.62 

202.75 
204.32 

348J4 
35 J -75 

182.86 
189.54 



2.25 
2.19 



2.28 
1.86 



2.88 
2.34 



2.25 
2.01 




; of K during sample 
leak at 4.3 ppm shown in 
\ the KCI crystals. The ad- 
at ^ ppm shown in Fig. 25c is as- 
li^air exposure of KH during sample 



to KHCO3 formed froi 
handling. The addition; 
Fig. 25b is assi] 
ditional broad p\ 
signed KOH 
handlings 

The^e^^eoflCCl does not shift the resonance of ordi- 
n^h^^^!%ie resonance at 1.1 ppm which is assigned 
to^^toia^Piydride ion was observed in the spectrum of 
the IC^^^ample as shown in Fig. 25a. The distinct 0.8 
and 1.1 ppm resonances could not be resolved if they were 



present. A large distinct upfield resonance was observed at 
-4.6 ppm which was not observed in either control. This 
upfield shifted peak is consistent with a hydride ion with a 
smaller radius as compared with ordinary hydride since a 
smaller radius increases the shielding or diamagnetism. The 
-4.6 ppm peak is assigned to a novel hydride ion that has 
a smaller radius than that of ordinary hydride ion since the 
shift was extraordinarily far upfield in the case of the KHCl 
sample. An additional water peak was found is other sam- 
ples in which the novel hydride peak was observed. The 
presence of a water peak may demonstrate that the novel 
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™rcLlts of .he de,enni.atioii of the binding energies of selected core level electrons, full width at half maximun. of the peaks, and energy 
of spin-oibit splitting for strontium halido hydrides compared with the corresponding strontium halides 



Compound 



Peak 



Binding 
energy (eV)* 



Sr ^^sf2 
Sr 3d3/2 

F Is 

Sr 3d5/2 
Sr 3d3/2 



SrFs 



SrHF 



SrCb 



SrHCl 



SrBrj 



SrHBr 



Sr 3d5/2 
Sr 3d3/2 

Br 3p3/2 
Br 3pi/2 

'Uncalibi^ted, except for SrBr2 and SrH 

hydride is stable to water, in ihej 
sociated with unreacted KCl ; 
plain why the KHCI sampLj 
water. 



140.46 
142.27 

691.12 

139.20 
141. M 



689.88 



Full width at half maximum 
(FWHM) (eV) 



Energy of spin- 
orbit splitting (eV) 



2.13 
1.77 



2.48 
1.95 



1.81 



1.91 




5.J.5. NMHof 
The 'H MAS 
trol comprisi^ig 
the con 

are sh^pl^igs 
di^di 
mi 




je water is not as- 
ild partially ex- 
to be insoluble in 



«^j.H„-^.«£? hydride sample 
IR sr^^tra of the KHBr sample, the con- 
lolar mixture of KH and KBr, and 
live to external teframethylsilane (TMS) 
:6a, b, and c, respectively. Ordinary by- 
sonance at 1.1 and 0.8 ppm in the KH/iCBr 
in KH alone as shown in Figs. 26b and 26c, 




respecW^. The addirional sharp peaks at 4.3 and 5.9 ppm 
shown in Fig. 26a are assigned to water and KHCO3 formed 



from air exposiu-e of K during sample handling. The addi- 
tional sharp peak at 4.2 ppm shown in Fig. 26b is assigned 
to water in the ICBr crystals. The additional broad peak at 
4.6 ppm shown in Fig. 26c is assigned KOH formed from 
air exposure of JCH during sample handling. 

The presence of KBr does not shift the resonance of or- 
dinary hydride. The resonance at 1.2 ppm which is assigned 
to ordinary hydride ion was obser\'ed in the spectrum of 
the KHBr sample as shown in Fig. 26a. The distinct 0.8 
and 1.1 ppm resonances could not be resolved if they were 
present. A large distinct upfield resonance was observed at 
-4.1 ppm which was not observed in either control. This 
upfield shifted peak is consistent with a hydride ion with a 
smaller radius as compared with ordinary hydride since a 
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•-/dat3/sa»ple/standard/KI(Al) XPS Sp K 2p/l 




301 ' 300 299 298 297 ' 29G 295 234 293 232 291 230 289 
(a) Binding Energy / eV 

-/dat3/sa«ple/JanO0/991216»ur>A XPS Sp K 2p/l 



< 



(b) Binding Energy / eV 
Fig. 19. (a) The XPS spectra of the K 2p core level in Kl. (b) The XPS specti^^^^1{t!a>rc level in KHl. 



"/data/sBBple/slandard/KlCAfS KPS Sp I 3d/l - 





E38 636 634 B32 G30 628 626 624 622 620 618 G16 
|(b) Binding Energif / eV 

^ 20. (a) The XPS spectra of the I 3d core level in K?. (b) The XPS spectra of the 1 3d core level in KHI. 
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Ca 2p /\ 









(a) Bincfing Energy / eV 




35G 355 354 353 352 351 350 349 348 347 346 345 344 343 
(b) Binding Energy / eV 

Fig. 21. (a) Tlie XPS spectra of the Ca 2p core level in CaBrj. (b) The XPSsj^^^^Ca 2p core level m CaHBr. 





141 140 139 138 137 13B 135 134 133 132 131 
(b) Binding Energy / eV 

Fig. 22. (a) The XPS spectra of the Sr 3d core level in SrBr:. (b) The XPS spectra of the Sr 3d core level in SrHBr. 
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192 190 
(a) Binding Energy / eV 




19^1 192 190 
(b) Binding Energy / eV 



Fig. 23. (a) The XPS spectra of the Br 2p core level in SrBrj. (b) The XPS 



le Br 2p core level in SrHBr. 



< 



KHI 




A -3.2 ppm 


(a) 


0.9 ppm — 












KH + KI 


1.1 ppm — 
4.5 ppm^ 


0.8 ppm 

t . 


(b) 




KH 


1.1 ppm — 
4.6 ppm 


^0.8 ppm 


(c) 


1: — — re — :r — t: — I — 7„ '« J« J« = 



KHa 1.1 ppm 

6ppm--|\^ 


— -4.6 ppm 








KH + KQ 

4.3 ppm 


(b) 

— 0.7 ppm 

I 



KH 1.1 ppm -| 

1—0.8 ppm 
4.6 ppm n 
>J\ 



(c) 



Chemical Shift/ppm 



Fig. 24. (a) The 'H MAS 
tetramethylsitane (TMS). 
control comprising a^^quar 
external tetramethj^lane (' 
of the control 




ppm 

if KHl relative to external 
MAS NMR spectrum of the 
'ixture of KH and KJ relative to 
.4Sy (c) The ' H MAS NMR spectrum 
external tetramelhylsilane (TMS). 




^^^^ses the shielding or diamagnetism. The 
ppJ«^e^is assigned to a novel hydride ion that has 
Uer^pius than that of ordinary hydride ion since the 
shift vS^^traordinarily far iipfield in the case of the KHBr 
sample. 



50 40 30 20 10 0 -10 -20 -30 -40-50 

Chemical Shifl/ppm 

Fig. 25. (a) The 'H MAS NMR spectrum of ICHCl relative to exter- 
nal tetiBmethylsilanc (TMS). (b) The 'H MAS NMR spectrum of 
the control comprising an equal molar mixture of KH and KCl rel- 
ative to external tetramethylsilane (TMS). (c) The 'H MAS NMR 
spectrum of the control KH relative to external tetramethylsilane 
(TMS). 



3.3.4. NMR of rubidium ftuoro hydride sampie 

The 'H MAS NMR spectrum of RbHF relative to external 
tetramethylsilane (TMS) is shown in Fig. 27a. Distinguish- 
able resonances were observed at 1.2 and —4.4 ppm. The 
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KHBr ^-^ PP^*, 
5.9 ppm* J 


1*1.2 ppm (a) 
A J*-4.1 ppm 




4.2 ppm— 

KH+KBr 


(b) 

—1.1 ppm 
A— 0.8 ppm 


KM 1.1 ppm -^1 

Lo.B ppm 

4.6 ppm^ 11 



50 40 30 20 10 6 -10 -20 -30 -40 -50 

Chemical Shift/ppm 

Fig. 26. (a) The ' H MAS NMR spectrum of KHBr relative to exter- 
nal telramethylsilane (TMS). (b) The 'H MAS NMR spectrum of 
the control comprising an equal molar mixture of KH and KBr rel- 
ative to external telramethylsilaDe (TMS). (c) The 'H MAS NMR 
spectrum of the control KH relative to external tetramethylsilane 
(TMS). 



RbHF 


1.2 ppm — 




(a) 






1 /r-4.4 ppm 












RbH 


4.0 pfxa -^1 


— 0.S3 ppm 


(b) 



50 40 30 20 10 0 -10 -20 -30 -40 -50' 

Chemical Shift/ppm 



Fig. 27. (a) The 'H MAS NMR sped 
external tetramethylsilane (TMS). (b) 
tmm of the control RbH relativ 
(TMS). 



:Iative to 
NMR spec- 
tetramethylsilane 




upfield peak is assknefet a^vel hydride ion of RbHF. 
The down field ^fe^^y be ordinary hydride in a 

different chemic^nvit^ment. The 'H MAS NMR spec- 
trum of the ^)Cr^^^^reIative to external tetramethylsi- 
lane (TMS^^^^^-n in Fig. 27b. The 0.83 ppm peak is 
assign^vSI&i^^^ hydride ion of RbH. The peak at 4.0 
pj^is^^gi^ to RbOH formed from air exposure of RbH 
du^^an^e handling. 

Th^^eld shifted peak obser\'cd in the RbHF sample 
is consistent with a hydride ion with a smaller radius as 



compared with ordinary hydride since a smaller radius 
increases the shielding or diamagnetism. The -4.4 ppm 
peak is assigned to a novel hydride ion that has a smaller 
radius than that of ordinary hydride ion since the shift 
was extraordinarily far upfield in the case of the RbHF 
sample. 

33.5. NMR of smmtium bromo hydride sample 

The SrHBr sample was not spun; so, the hydride peaks 
were not resolved. Instead valuable 'H-'H separation data 
as well as 'H content was obtained. The 'H MAS NMR 
spectra of SrHBr relative to external H2O is shown in 
Fig. 28. The sample contained a significant amount of hy- 
drogen with an integration of 0.0983 mmoles corresponding 
10 about 0.02 wt% 'H in the sample. There are two compo- 
nents: a narrow component with a peak at 6.3 ppm having 
an area of approximately l/4ih of the total signal, and a 
broad signal with a width of about &0 kHz^The broadening 
of the peak corresponds to ' H-' H jsejpat^i^ under 1 .5 A. 
This is very significant given ^^^^^^^^^^J (orthorhom- 
bic form) parameters for c^^^^lf^tium hydride 
are a = 7.358 A, 6 = 6.377 A ai^ = 3g82 A. The seven 
short M-H distances are 
tances are 3.06 A. The Hj 





is consistent with a qc^ 
radius. 



3.4. Gas 



o long M-H dis- 
radii^is 1.39 A [11]. The data 
i^on of a greatly reduced 



rv (GO 



as chronograph of the normal hydrogen gave the 
ne for para hydrogen and orlho hydrogen as 14.5 
^5 ^n, respectively. Control SrBr2 showed no hy- 
lase upon heating to above 600 C. The gas chro- 
Tatg^ph of the dihydrino (see Appendix) or hydrogen re- 
1 fi-om the SrHBr sample when it was heated to above 
°C is shown m Fig. 29. This chromatograph is repre- 
^ sentative of the results of the determination of dihydrino or 
hydrogen released from each sample of MHX or MHMX 
when heated to 600° C. In the case of a very stable hydride, 
no hydrogen may be released, thus, the amount observed in 
the minimum content. Table 4 gives a results which are rep- 
resentative of the minimxim dihydrino or hydrogen content 
of novel hydride compounds determined by gas chromato- 
graph of the gas released fi-om each sample when it was 
heated to above 6fiO°C. Each control, MX or MX;, showed 
no hydrogen release upon heating to above 600 C. 

3.5. Mass spear oscopy ( MS) 

The dihydrino (see Appendix) was identified in the gas 
released by thermal decomposition of solid samples by mass 
spectroscopy. Dihydrino was detected as a species with a 
mass to charge ratio of two {ni/e —2) that has a higher ion- 
ization potential than that of normal hydrogen by recording 
the ion current as a function of the elecn-on gun energy. The 
intensity as a function of time for masses m/e = 1. m/e= 2, 
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Fig. 28. The 'H MAS NMR 



and mfe = 3 obtained while changing the ioni^tii 
rial (IP) of the mass spectrometer from 30 t 
trapur^ hydrogen is shown in Fig. 30. Upo 
ionization potential from 30 to 70 eV 
ion current for the ultrapure hydrog^ 
of less than 2. 

The intensit)' as a fimctii 
1, m/e — 2, and m/e= 
tion potential (IP) of t 
eV for gas released froi 
sample is sho\\'n 
potential from 3C^o 70 





masses m/e — 
langing the ioniza- 
raeter from 30 to 70 
1 decomposition of the KHl 
increasing the ionization 
, typically the m/e = 2 ion cur- 
_ icreased by a factor of about 1000 
fiire conditions as those of the ultrapure 
■ig. 3 1 is representative of the results of 

of the increase in the m/e — 2 ion current 

jple of MHX or MHMX upon increasing the 
^jtential from 30 to 70 eV under the same pres- 
sure conditions as those of the ultrapure hydrogen control. 



live to external H2C?. 



The m/e = 2 ion current for the KHCl, KH KHCO3, CsHI, 
SrHF, and SrHBr sample increased by a factor of about 400, 
200, 400, 20, and 50, respectively, under the same pressure 
conditions as those of the ultrapure hydrogen control. 



4. Conclusions 



The ToF-SlMS, XPS, NMR, and thermal decomposition 
with analysis by GC, and MS results confirm the identifica- 
tion of novel hydride compounds MHX and MHMX wherein 
M is the metal, X. is a singly negatively charged anion, and 
H comprises a novel high binding energy hydride ion. The 
negative ToF-SlMS spectra of KHl, KH KHCOj, RbHF, 
and SrHF were dominated by the hydride ion peak which 
identified the shnctures. The thermal decomposition with 
mass spectroscopic analysis indicated the minimum hydro- 
gen or dihydrino content. At least H~( 1/2) was observed to 
be present in KHX and KH KHCOj. 
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Fig. 29. The gas chromatograph of the dihydrino or hydrogen released from the ^rH^^ 
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^i^l^t was healed to above 600 C. 



The minimum dihydrino or hydrogen content of novel hydride 
compounds deteimined by gas chromatograph of the gas released 
from each sample when it was heated to above 600 C 




UHP 

30 eV 70 eV 

m/z=2 

m/z=1 

m/z=3 



The XPS of the 'ow^^n^mer^ region of KHI is 
consistent with the presfflteO^^ = 1/6) Eb = 22.8 eV. 
This product is predic^by § autocatalysis reaction of 
Uvo H(l/4) atora^^^a^ potassium catalyst which 
has been confir&d b^^cxtreme ultraviolet spectroscopy 
[3]. The XP^^K^^ps consistent with the presence of 
a new t)^^^^7 eV which is in agreement with the 
^^^^"ergy of H-{rt = 1/8) Eb = 36.1 eV. 
©f hydrino hydride ions with alkali and 
metals significantly broadens the metal 
I>eaks. The magnitude of broadening ranges 
to 0.9 eV, depending on compound. The 



■ l6o 200 ' 300 400 500 6^0 

Time/s 

Fig. 30. The intensity as a function of time for masses 
l,m/e= 2, and m/e= 3 obtained while changing the ioniza- 
tion potential (IP) of the mass spectrometer from 30 to 70 eV for 
ultiapure hydrogen. 

trend for the broadening effect follows the sequence: 
iodo hydrides~bromo hydrides > Auotd hydrides--chloro 
hydrides. In particular, t\vo additional spin-orbit splittings 
had to be added to each of potassiiun iodo hydride, cal- 
cium bromo hydride, and strontium bromo hydride in order 
to obtain a good curve fit of the K 2p, Ca 2p, and Sr 3d 
spectra, respectively. 
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Fig. 3J. The intensity as a function of time for masses 
m/e=},m/e = 2,and m/e = 3 obtained while changing the ioniza- 
tion potential (IP) of the mass spectrometer from 30 to 70 eV for 
gas released from thermal decomposition of the iCHI sample. 



Large distinct upfield resonances were observed at 
-3.2 ppm, -4.6 ppm, -4.1 ppm, -4.4 ppm in the case 
of KHI, KHCl, KHBr, and RbHF, respectively. The peaks 
are assigned to novel hydride ions that have substantially 
smaller radii than that of ordinary hydride ion since the 
shift was extraordinarily far upfield. The NMR peak of KHI 
at -3.2 ppm may be due to H"(« = 1/6) Et, = 22.8 eV 
observed by XPS. The NMR peak of KHCl at -4.6 ppm 
may be due to H~ (n = 1 /8 ) = 36. 1 eV observed by XPS. 
The NMR of SrHBr showed a 'H-'H separation of under 
1.5 A . This is very significant compared to the atomic 
spacing parameters of ordinary strontium hydride and is 
consistent with a novel hydride ion of a greatly reduced 
radius. 

The chemical structure and properties of the preserr^^er 
compounds are indicative of a new field of hydrogOT^c^m; 



istry. Novel hydride ions may combine with < 
such as other alkali cations and alkaline < 
and transition element cations. Numerous_r 
may be synthesized vnih extraordinag 
to the conesponding compounds hs 
ions. These novel compounds 
tions. For example, a high vo 
hydride binding energies < 
having projected specifi 
temal combustion engii^ 
ion with a high I 
field of hydride \ 

voltage battei 

«ng extraordinary binding energies may 
a"*^ in an extraordinarily high oxidation 
t in the case of lithium. Thus, these hydride 
used as the basis of a high voltage battery 
of a fSf!^g chair design wherein the hydride ion moves 
back and forth between the cathode and anode half ceils 






lunds 
'elative 
hydride 
of applica- 
iccording to the 
S may be possible 
iss those of the in- 
overy of a novel hydride 
has implications for a new 
with applications such as a high 



during discbarge and charge cycles. Exemplary reactions for 
a cation M** are: 
Cathode reaction: 

MH,-l-e" -*MHx-i +H~ (1) 

Anode reaction: 

MH;r-2 + H" -* MH^r- 1 + e" 

Overall reaction: 

MH.x + MH,_2 — 2MH,-]. 

Appendix A. 



(2) 
(3) 



It has been reported that intense extreme ultraviolet 
(EUV) emission was observed at low temperatures (e.g. 
» 10'* K) from atomic hydrogen and certain atomized ele- 





it integer mul- 
;en, 27.2 eV 
an not be ex- 
l^rogen, but it 
;er equation with 
forward by Mills 
esult in a lower-energy 
^at certain atoms or ions 
energy from hydrogen to pro- 
ergy hydrogen atom called a 
ig ^^inding energy of 

(A.1) 



ments or certain gaseous ions which ion^ 
tiples of the potential energy of atomii 
[1-6]. The mechanism of ET ~ 
plained by the conventional chei 
is predicted by a solution of the 
a nonradiative boundary 
[12,13]. The energy relej 
state of hydrogen, 
serve as catalysts 
duce an incre^ 
hydrino ato^ 



(A.2) 

'p is an integer greater than 1, designated as W\anlp] 
where an is the radius of the hydrogen atom. Hydrinos are 
predicted to form by reacting an ordinary hydrogen atom 
with a catalyst having a net enthalpy of reaction of about 



m-27.2eV 



(A.3) 



where m is an integer. This catalysis releases energy fi-om 
the hydrogen atom vnth a commensurate decrease in size of 
the hydrogen atom, r„ = /ioh For example, the catalysis of 
H(n = 1 ) to H(fi = 1/2) releases 40.8 eV, and the hydrogen 
radius decreases from cth to {a^, 

The excited energy states of atomic hydrogen are also 
given by Eq. (A.l) except that 



n= 1,2,3,. 



(A.4) 



The n = 1 state is the "ground" state for "pure" photon tran- 
sitions (the n - 1 state can absorb a photon and go to an 
excited electronic state, but it cannot release a photon and 
go to a lower-energy electronic state). However, an electron 
transition from the ground state to a lower-energy state is 
possible by a nonradiative energy transfer such as mul- 
tipole coi^)ling or a resonant collision mechanism. These 
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lower-energy states have fractional quantum numbers, n = 
1 /integer. Processes that occur without photons and that 
require collisions are common. For example, the exother- 
mic chemical reaction of H + H to form Hj does not oc- 
cur with the emission of a photon. Rather, the reaction re- 
quires a collision with a third body, M, to remove the bond 
energy-H -I- H + AT -» + M* [14]. The third body dis- 
tributes the energy from the exothermic reaction, and the 
end result is the H2 molecule and an increase in the temper- 
ature of the system. Some commercial phosphors are based 
on nonradiative energy transfer involving multipole cou- 
pling. For example, the strong absorption strength of Sb^"*^ 
ions along with the efficient nonradiative transfer of exci- 
tation from Sb'^ to Mn^"^, are responsible for the strong 
manganese luminescence from phosphors containing these 
ions [15]. Similarly, the n = 1 state of hydrogen and the 
n= 1/integer states of hydrogen are nonradiative, but a tran- 
sition between two noiffadiative states is possible via a non- 
radiative energy transfer, say n - 1 to n = 1/2. In these cases, 
during the transition the electron couples to another elecn^on 
transition, electron transfer reaction, or inelastic scattering 
reaction which can absorb the exact amount of energy that 
must be removed from the hydrogen atom. Thus, a catalyst 
provides a net positive enthalpy of reaction of m • 27.2 eV 
(i.e. it absorbs m • 27.2 eV where m is an integer). Cer- 
tain atoms or ions serve as catalysts which resonantly ac- 
cept energy from hydrogen atoms and release the energy to 
the surroundings to effect electronic transitions to fractional 
quantum energy levels. 

A.l. Inorganic catalysts 

A catalytic system is provided by the ionization of t elec- 
trons from an atom to a continuum energy level such that theg 
sum of the ionization energies of the / electrons is apprg 
mately m - 27.2 eV where m is an integer. One such c 
system involves strontium. The first through the f 
ization energies of strontium are 5.69484, 1 l OJpl^ 
57, and 71.6 cV, respectively [16]. The ion^nqa 
of Sr to Sr^+ {/ = 5), then, has a net enthalf 
188.2 eV, which is equivalent to m =^ffl|fq.'^ 



188.2 eV + Sr(/7i)4- 



Sr"-" + 5e 



/J.VI3.6 eV, 

(A.5) 



+ 7)^-/^13-6 eV. 

(A.7) 

Catalytic system that is provided by the ionization 
of / electrons from an atom to a continuum energy level such 



that the sum of the ionization energies of the t electrons is 
approximately m^27.2 eV where m is an integer involves 
potassium. The firet, second, and third ionization energies of 
potassium are 4.34066, 31.63, 45.806 eV, respectively [16]. 
The triple ionization (/ =3 ) reaction of K to, K^"^ then, has a 
net enthalpy of reaction of 81.7426 eV, which is equivalent 
to m = 3 in Eq. (A.3). 



81-7426 eV + K(m) + l 



> K^^ + 3e" 



+H [^^J + [ip + 3)^ - /pri3.6 eV, (A.8) 



yJ+ + 3e- K(m) + 81.7426 eV. 
And, the overall reaction is 



(A.9) 



A novel hydride ion having ex 
erties given by Mills [12] is pr 
action of an electron with a 
suiting hydride ion is ref( 
designated as H~(l//? 



"[7] 



fng Energy = 






(A.10) 

lemical prop- 
by the re- 
11)). The re- 
lydrino hydride ion, 



(A.11) 



The hydi^^^lrid^on is distinguished from an ordi- 
nary hydride^^iaving a binding energy of 0.8 eV. The 
hydj^^dride^i is predicted [12] to comprise a hydro- 
ge^^icle^nd two indistinguishable electrons at a binding 
rding to the following formula: 



h^y/s{s+\) 




(A.12) 



where p is an integer greater than one, j = 1/2, n is pi, h is 
Planck's constant bar, /xo is the permeability of vacuum, m* 
is the mass of the electron, fi^ is the reduced electron mass, 
no is the Bohr radius, and e is the elementary charge. The 
ionic radius is 



:-{I+Vj(7TT)); s = : 



(A.13) 



From Eq. (A.13), the radius of the hydrino hydride ion 
H~(l/p);p = integer is }/p that of ordinary hydride ion, 
H~ ( 1 / I ). Compounds containing hydrino hydride ions have 
been isolated as products of the reaction of atomic hydrogen 
with atoms and ions identified as catalysts by EUV emission 
[1-6,17-20]. 

Alkali and alkaline earth hydrides react violently with 
water to release hydrogen gas which subsequently ignites 
due to the exothemiic reaction with water. Typically metal 
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hydrides decompose upon heating at a temperature well be- 
low the melting point of the parent metal. These saline hy- 
drides, so called because of their saltlike or ionic character, 
are the monohydrides of the alkali metals and the dihydrides 
of the alkaline-earth metals. Mills predicts a hydrogen-type 
molecule having a first binding energy of about 



Binding Energy = ^jy*^^- 



(A.14) 



Dihydrino molecules may be-produced ,by the thermal 
decomposition of hydrino hydride ions. KH"(l/2) may be 
less reactive and more thermally stable than ordinary potas- 
sium hydride, but may react at high temperature to fomi a 
hydrogen-type molecule. For example, potassium iodo hy- 
dride KH( 1/2)1 may be heated to release dihydrino by ther- 
mal decomposition. 



2KH{ 1/2)1- 



+ 2KJ 



(A.15) 



where 2c' is the intemuclear distance and ao is the Bohr 
radius [12]. The possibility of releasing dihydrino by ther- 
mally decomposing alkali and alkaline earth halido hydrides 
and yji KHCO3 with identification by gas chromatography 
was explored. 

The first ionization energy, IPi, of the dihydrino molecule 



y Hj[2c' = nor + e 



(A.16) 



is IPi =62 eV(p=2 in Eq. (A.14)); whereas, the first ioniza- 
tion energy of ordinary molecular hydrogen, H2[2c'=A/2flo], 
is 1 5.46 eV. Thus, the possibility of using mass spectroscopy 
to discriminate H2[2c' = \/2ao] fi^om H2[2c' = ao/y/2] on 
the basis of the large difference between the ionization ener- 
gies of the two species was explored. A novel high binding 
energy hydrogen molecule assigned to dihydrino [ 
ao/y/2] was identified by the thermal decompositi 
kali and alkaline earth halido hydrides and KH 1CH| 
analysis by gas chromatography, and mass spQ 
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Novel inorganic hydride compounds KHKHCO^ and KH were 
isolated following the electrolysis of a K^CO^ electrolyte. The compounds 
which comprised high binding energy hydride ions were stable in water, 
and KH was stable at elevated temperature (600 °C). Inorganic hydride 
clusters K[KH KHCO^X^ were identified by positive Time of Flight 
Secondary Ion Mass Spectroscopy (ToF-SIMS) of KHKHCO^. The negative 
ToF-SIMS was dominated by hydride ion. The positive and negative ToF- 
SIMS of KH showed essentially K* and H' only, respectively. Moreover, 
the existence of novel hydride ions was determined using X-ray 
photoelectron spectroscopy, and proton nuclear magnetic resonance 
spectroscopy. Hydride ions with increased binding energies may be the 
basis of a high voltage battery for electric vehicles. 
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INTRODUCTION 



Evidence of the changing landscape for automobiles can be found in 
the recent increase in research into the next generation of automobiles. 
But, the fact that there is no clear front-runner in the technological race 
to replace the internal combustion (IC) engine can be attested to by the 
divergent approaches taken by the major automobile companies. 
Programs include various approaches to hybrid vehicles, alternative 
fueled vehicles such as dual-fired engines that can run on gasoline or 
compressed natural gas, and a natural gas-fired engine. Serious efforts 
are also being put into a number of alternative fuels such as ethanol, 
methanol, propane, and reformulated gasoline. To date, the most favored 
approach is. an electric vehicle based on fuel cell technology or advanced 
battery technology such as sodium nickel chloride, nickel-metal hydride, 
and lithium-ion batteries [1]. Although billions of dollars are being spent 
to develop an alternative to the IC engine, there is no technology in sight 
that can match the specifications of an IC engine system [2]. 

Fuel cells have advantages over the IC engine because they convert 
hydrogen to water at about 70% efficiency when running at about 20% 
below peak output [3]. But, hydrogen is difficult and dangerous to store. 
Cryogenic, compressed gas, and metal hydride storage are the main 
options. In the case of cryogenic storage, liquefaction of hydrogen 
requires an amount of electricity which is at least 30% of the lower 
heating value of liquid hydrogen [4]. Compressed hydrogen, and metal 
hydride storage are less viable since the former requires an unacceptable 
volume, and the latter is heavy and has difficulties supplying hydrogen 
to match a load such as a fuel cell [4]. The main challenge with hydrogen 
as a replacement to gasoline is that a hydrogen production and refueling 
infrastructure would have to be built. Hydrogen may be obtained by 
reforming fossil fuels. However, in practice fuel cell vehicles would 
probably achieve only 10 to 45 percent efficiency because the process of 
reforming fossil fuel into hydrogen and carbon dioxide requires energy 
[3]. Presently, fuel cells are also impractical due to their high cost as well 
as the lack of inexpensive reforming technology [5]. 

In contrast, batteries are attractive because they can be recharged 
wherever electricity exists which is ubiquitous. The cost of mobile 
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energy from a battery powered car may be less than that from a fossil 
fuel powered car. For example, the cost of energy per mile of a nickel 
metal hydride battery powered car is 25% of that of a IC powered car [6]. 
However, current battery technology is trying to compete with something 
that it has little chance of imitating. Whichever battery technology 
proves to be superior, no known electric power plant will match the 
versatility and power of an internal combjis^ion en^ne. A typical IC 
engine yields more than 10,000 watt-hours of energy per kilogram of 
fuel, while the most promising battery technology yields 200 watt-hours 
per kilogram [2]. 

A high voltage battery would have the advantages of much greater 
power and much higher energy density. The limitations of battery 
chemistry may be attributed to the binding energy of the anion of the 
oxidant. For example, the 2 volts provided by a lead acid cell is limited 
by the 1.46 eV electron affinity of the oxide anion of the oxidant Pi^O;. An 
increase in the oxidation state of lead such as Pb^^ Pb"^ -> Pb'^ is 
possible in a plasma. Further oxidation of lead could also be achieved in 
theory by electrochemical charging. However, higher lead oxidation 
states are not achievable because the oxide anion required to form a 
neutral compound would undergo oxidation by the highly oxidized lead 
cation. An anion with an extraordinary binding energy is required for a 
high voltage battery. One of the highest voltage batteries known is the 
lithium fluoride battery with a voltage of about 6 volts. The voltage can 
be attributed to the higher binding energy of the fluoride ion. The 
electron affinity of halogens increases from the bottom of the Group VH 
elements to the top. Hydride ion may be considered a halide since it 
possess the same electronic structure. And, according to the binding 
energy trend, it should have a high binding energy. However, the 
binding energy is only 0.75 eV which is much lower than the 3.4 eV 
binding energy of a fluoride ion. 

Novel inorganic hydride compounds having the formula KHKHCO^ 
and KH were isolated from an aqueous K^CO^ electrolytic cell reactor. 
KH was stable at elevated temperature (600 °C). Inorganic hydride 
clusters K[KHKHC0^\^ were identified by positive Time of Flight 
Secondary Ion Mass Spectroscopy (ToF-SIMS) of KHKHCO^. The negative 
ToF-SIMS was dominated by hydride ion. The positive and negative ToF- 
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SEMS of KH showed essentially and H~ only, respectively. A hydride 
ion with a binding energy of 22.8 eV has been observed by X-ray 
photoelectron spectroscopy (XPS) of KHKHCO^ having upfield shifted solid 
state magic-angle spinning proton nuclear magnetic resonance ('H MAS 
NMR) peaks. Moreover, a polymeric structure is indicated by Fourier 
transform infrared (FTIR) spectroscopy. Hydride ions with a binding 
energies of 22.8 eV and 69.2 eV have been observed by XPS of KH, The 
discovery of novel hydride ions with high binding energies has 
implications for a new field of hydride chemistry with applications such 
as a high voltage battery. Such extremely stable hydride ions may 
stabilize positively charged ions in an unprecedented highly charged 
state. A battery may be possible having projected specifications that 
surpass those of the internal combustion engine. 

Hydride ions having extraordinary binding energies may stabilize a 
cation M'"" in an extraordinarily high oxidation state such as +2 in the 
case of lithium. Thus, these hydride ions may be used as the basis of a 
high voltage battery of a rocking chair design wherein the hydride ion 
moves back and forth between the cathode and anode half cells during 
discharge and charge cycles. Exemplary reactions for a cation M'* are: 

Cathode reaction: 

MH^+e- -^MH^_,+H' (1) 

Anode reaction: 

MH,.2-^H' MH^_, (2) 

Overall reaction: 



M//,+M//,_2->2A///,_, 



(3) 
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EXPERIMENTAL 



Synthesis 



A. Potassium Hydride Potassium Hydrogen Carbonate, KHKHCO^, 
Synthesis with an Electrolytic Cell 

An electrolytic cell comprising a K^CO^ electrolyte, a nickel wire 
cathode, and platinized titanium anodes was used to synthesize the 
KHKHCO^ sample [7]. Briefly, the cell vessel comprised a 10 gallon (33 in. 
X 15 in.) Nalgene tank. An outer cathode comprised 5000 meters of 0.5 
mm diameter clean, cold drawn nickel wire (NI 200 0.0197", 
HTN36NOAG1, A-1 Wire Tech, Inc., 840-39th Ave., Rockford, Illinois, 
61109) wound on a polyethylene cylindrical support. A central cathode 
comprised 5000 meters of the nickel wire wound in a toroidal shape. The 
central cathode was inserted into a cylindrical, perforated polyethylene 
container that was placed inside the outer cathode with an anode array 
between the central and outer cathodes. The anode comprised an array 
of 15 platinized titanium anodes (ten - Engelhard Pt/Ti mesh 1.6" x 8" 
with one 3/4" by 7" stem attached to the 1.6" side plated with 100 U 
series 3000; and 5 - Engelhard 1" diameter x 8" length titanium tubes 
with one 3/4" x 7" stem affixed to the interior of one end and plated with 
100 U Pt series 3000). Before assembly, the anode array was cleaned in 
3 M HCl for 5 minutes and rinsed with distilled water. The cathode was 
cleaned by placing it in a tank of 0.57 M K^C0,/3% H^O^ for 6 hours and 
then rinsing it with distilled water. The anode was placed in the support 
between the central and outer cathodes, and the electrode assembly was 
placed in the tank containing electrolyte. The electrolyte solution 
comprised 28 liters of 0.57 M K^CO^ (Alfa K^CO, 99%). Electrolysis was 
performed at 20 amps constant current with a constant current (± 
0.02%) power supply. 

Samples were isolated from the electrolytic cell by concentrating 
the K^CO^ electrolyte about six fold using a rotary evaporator at 50 "^C 
until a yellow white polymeric suspension formed. Precipitated crystals 
of the suspension were then grown over three weeks by allowing the 
saturated solution to stand in a sealed round bottom flask at 25*'C. 
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Control samples utilized in the following experiments contained K^CO^ 
(99%), KHCO^ (99.99%), HNO^ (99.99%), and KH (99%). 

B. Potassium Hydrino Hydride, KH, Synthesis with an Electrolytic Cell 

An electrolytic cell comprising a K^CO^ electrolyte, a nickel wire 
cathode, and platinized titanium anodes described by Mills et al. [7] was 
used to synthesize potassium hydride, KH. The cell was equivalent to 
that described above except that it lacked the additional central cathode. 

After 3 months of operation, the cathode wire obtained a graphite 
colored coating. The cathode was placed in 10 gallon (33 in. x 15 in.) 
Nalgene tank of 0.57 M ^2^3/3% H^O^ for 6 hours. A very vigorous 
exothermic reaction was observed during the six hours. The cathode was 
removed and placed in a second 10 gallon (33 in. x 15 in.) Nalgene tank 
of distilled water. NiO was observed to precipitate in the tank containing 
0.57 M K^COJ3% H^O^. The coat was observed to be removed from the 
cathode when it was pulled from the distilled water bath. A white 
polymeric solid floated to the top of the water bath over 2 weeks. The 
solid was collected by scooping it with a 250 ml beaker. The polymeric 
material was stable in water indefinitely (over a year with no observable 
change). The material was pure white and appeared like cotton 
suspended in water. Other samples were obtained which were thin films. 
The density was less than that of water. The material was observed to be 
weakly ferromagnetic. It collapsed along the magnet field lines and was 
attracted to a magnet in solution. It could be pulled out of water with a 
strong magnet. It was poured onto an evaporation dish, dried, and 
analyzed. 

ToF-SIMS Characterization 

The crystalline samples were sprinkled onto the surface of double- 
sided adhesive tapes and characterized using a Physical Electronics TFS- 
2000 ToF-SIMS instrument. The primary ion gun utilized a ^^Gd" liquid 
metal source. In order to remove surface contaminants and expose a 
fresh surface, the samples were sputter cleaned for 30 seconds using a 
4 0/z/n X40/im raster. The aperture setting was 3, and the ion current 
was 600 pA resulting in a total ion dose of 10*' ions/cm^. 
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During acquisition, the ion gun was operated using a bunched (pulse 
width 4 ns bunched to 1 ns) 15 kV beam [8-9]. The total ion dose was 
10^^ ions / cm^ , Charge neutralization was active, and the post accelerating 
voltage was 8000 V. Three different regions on each sample of (12/im) , 
(18/zmf , and {25 fimf were analyzed. The positive and negative SIMS 
spectra were acquired. Representative post sputtering data is reported. 

XPS Characterization 

A series of XPS analyses were made on the crystalline samples each 
mounted on a silicon wafer using a Scienta 300 XPS Spectrometer. The 
fixed analyzer transmission mode and the sweep acquisition mode were 
used. A survey spectrum was obtained over the region £^ =0 cVto 1200 eV. 
The primary element peaks allowed for the determination of all of the 
elements present in each sample isolated from the K^CO^ electrolyte. The 
survey spectrum also detected shifts in the binding energies of potassium 
and oxygen which had implications as to the identity of the compound 
containing the elements. A high resolution XPS spectrum was also 
obtained of the low binding energy region = 0 eV to 100 eV) to determine 
the presence of novel XPS peaks. The step energy in the survey scan was 
0.5 eV, and the step energy in the high resolution scan was 0.15 cV. In the 
survey scan, the time per step was 0.4 seconds, and the number of 
sweeps was 4. In the high resolution scan, the time per step was 03 
seconds, and the number of sweeps was 30. C Is at 284.6 eV was used as 
the internal standard. 

NMR Spectroscopv 

'H MAS NMR was performed on the crystalline samples. The data, 
were obtained on a custom built spectrometer operating with a Nicolet 
1280 computer. Final pulse generation was from a tuned Henry radio 
amplifier. The '// NMR frequency was 270.6196 MHz. A 2 //sec pulse 
corresponding to ^ IS"" pulse length and a 3 second recycle delay were 
used. The window was ±31 kHz, The spin speed was 4.5 kHz. The 
number of scans was 1000. The offset was 1527.12 Hz, and the magnetic 
flux was 6.357 T. Chemical shifts were referenced to external TMS. 
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FTIR Spectroscopy 

Samples were transferred to an infrared transmitting substrate and 
analyzed by FTIR spectroscopy using a Nicolet Magna 550 FTIR 
Spectrometer with a NicPlan FTIR microscope. The number of scans was 
500 for both the sample and background. The number of background 
scans was 500. The resolution was 8.000. A dry air purge was applied. 

Thermal Decomposition with Analysis bv Mass Spectroscopy 

Mass spectroscopy was performed on the gases released from the 
thermal decomposition of the samples. One end of a 4 mm ID fritted 
capillary tube containing about 5 mg of sample was sealed with a 0.25 in. 
Swagelock union and plug (Swagelock Co., Solon, OH). The other end was 
connected directly to the sampling port of a Dycor System 1000 
Quadrapole Mass Spectrometer (Model D200MP, Ametek, Inc., Pittsburgh, 
PA with a HOVAC Dri-2 Turbo 60 Vacuum System). The capillary was 
heated with a Nichrome wire heater wrapped around the capillary. The 
mass spectrum was obtained at the ionization energy of 70 eV at a 
sample temperature of 600 °C with the detection of hydrogen indicated 
by a m/e = 2 peak. 

The control hydrogen gas was ultrahigh purity (MG Industries). 

RESULTS AND DISCUSSION 

ToF-SIMS 

A. ToF-SIMS of Potassium Hydride Potassium Hydrogen Carbonate, 
KHKHCO^, Electrolytic Cell Sample 

The positive ToF-SIMS spectrum obtained from the KHCO^ control is 
shown in Figures 1 and 2. In addition, the positive ToF-SIMS of a sample 
isolated from the electrolytic cell is shown in Figures 3 and 4. The 
respective hydride compounds and mass assignments appear in Table 1. 
In both the control and electrolytic samples, the positive ion spectrum 
are dominated by the ion. Two series of positive ions 
{K[K^CO^X^ m/z = (39 + 138/1) and KpH[K^CO^\ m/z = (95 + 138n)) are 
observed in the KHCO^ control. Other peaks containing potassium include 
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KC, Kfi^\ KfiyH^y KCO\ and However, in the electrolytic cell 

sample, three new series of positive ions are observed at 
{K[KHKHCO,^^ mlz = {?>9^\A0n),KfiH[KHKHCO^\^ m/ z = {95 + 140«), and 
K^C{KH KHCO^\^ m/z = (133 + 140/1)). These ions correspond to inorganic 
clusters containing novel hydride combinations (i.e. KH KHCO^ units plus 

other positive fragments). 

The comparison of the positive ToF-SIMS spectrum of the KHCO^ 

control with the electrolytic cell sample shown in Figures 1-2 and 3-4, 
respectively, demonstrates that the ^^^^ peak of the electrolytic cell 
sample may saturate the detector and give rise to a peak that is atypical 
of the natural abundance of *'K, The natural abundance of ^^K is 6.7%; 
whereas, the observed ""'K abundance from the electrolytic cell sample is 
57%. This atypical abundance was also confirmed using ESIToFMS [10]. 
The high resolution mass assignment of the mlz^AX peak of the 
electrolytic sample was consistent with ''iT, and no peak was observed at 
m/z = 42.98 ruling out ^^KHl, Moreover, the natural abundance of "'A' was 
observed in the positive ToF-SIMS spectra of KHCO^, KNO^, and KI 
standards that were obtained with an ion current such that the ^^K peak 
intensity was an order of magnitude higher than that given for the 
electrolytic cell sample. The saturation of the ^^K peak of the positive 
ToF-SIMS spectrum by the electrolytic cell sample is indicative of a 

unique crystalline matrix [11]. 

The negative ToF-SlMS spectrum (m/e = 0-50) of the KHCO^ 

(99.99%) sample and the negative ToF-SIMS spectrum (m/e = 0-30) of the 

electrolytic cell sample are shown in Figures 5 and 6, respectively. The 

negative ion ToF-SIMS of the electrolytic cell sample was dominated by 

H~, O', and 0H~ peaks. A series of nonhydride containing negative ions 

{KCO^[K^CO^l^ 7n/z = (99 + 138n)} was also present which implies that was 

eliminated from KHKHCO^ during fragmentation of the compound 

KHKHCO^, Comparing the //" to O" ratio of the electrolytic cell sample to 

that of the KHCO^ control sample, the //"peak was about an order of 

magnitude higher in the electrolytic cell sample. 
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B. ToF-SIMS of Potassium Hydrino Hydride, KH, Electrolytic Cell Sample 

The positive ToF-SIMS spectrum obtained from the KH electrolytic 
cell sample is shown in Figure 7. The positive spectrum was dominated 
by the potassium peak K* m/z = 39 followed by the proton peak. Small 
silicon, sodium, and hydrocarbon fragment peaks such as QH, m/z = 27 
and C^H, m/z = 29, K^^ m/z--Sl , K{KOT m/z = 94, and K(KOHf m/z = 95 

were also observed. 

The positive spectrum of the KHCO^ control shown in Figures 1 and 

2 was also dominated by the potassium peak m/z = 39. Two series of 
positive ions {i:[^2C03l[ m/z = (39 + 138«) and /^^^//[^^COa]^ m/z = (95 + 138w)) 
were observed in the KHCOj, control. Other peaks containing potassium 
included /f<rm/z = 51, Kfi;, K^O.h;, KCO'm/z = 67, and K^' m/z = 7S, 

The negative ion ToF-SIMS of KH shown in Figure 8 was dominated 
by //". O' m/z = 16 and OH' m/z-ll dominated the negative ion ToF- 
SIMS of the KHCO^ control as shown in Figure 5. These peaks were 
present in the case of KH, but they were very small in comparison to the 
KHCOj control. For both samples smaller hydrocarbon fragment peaks 
such as C m/z = 12 and CH' m/z = \3 were observed. A series of negative 
ions { KCO^lK^CO^]' m/z = (99 + 138^)} was also present in the control which 
were not observed in the KH sample. A hydride peak probably due to 
OH' m/z = 17 which was significantly smaller than the O' m/z = 16 peak 
was observed in the control. 

MS 

A, XPS of Potassium Hydride Potassium Hydrogen Carbonate, KHKHCO^, 

Electrolytic Cell Sample 

The 0 to 80 eV binding energy region of a high resolution XPS 
spectrum of the KHKHCO^ electrolytic cell sample is shown in Figure 9. 
The XPS survey spectrum the KHKHCO^ electrolytic cell sample with the 
primary elements identified is shown in Figure 10. No elements were 
present in the survey scans which can be assigned to peaks in the low 
binding energy region with the exception of a small variable contaminant 
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of sodium at 63 eV and 31 eV, potassium at 16.2 eV and 32.1 eV, and 
oxygen at 23 eV. Accordingly, any other peaks in this region must be 
due to novel species. The K35 and K3p are shown in Figure 9 at 16.2 eV 
and 32.1 cV, respectively. A weak Na 2s is observed at 63 eV. The O 2s 
which is weak compared to the potassium peaks of K^CO^ is typically 

present at 23 eV, but is broad or obscured in Figure 9. 

Peaks centered at 22.8 eV and 38.8 eV which do not correspond to 
any other primary element peaks were observed. The intensity and shift 
match shifted ^^3^ and K3p, Hydrogen is the only element which does 
not have primary element peaks; thus, it is the only candidate to produce 
the shifted peaks. These peaks may be shifted by a highly binding 
hydride ion with a binding energy of 22.8 given in the Appendix that 
bonds to potassium K3p and shifts the peak to this energy. In this case, 
the K3s is similarly shifted. These peaks were not present in the case of 
the XPS of matching samples isolated from an identical electrolytic cell 
except that Na^CO^ replaced K^CO^ as the electrolyte. 

XPS further confirmed the ToF-SIMS data by showing shifts of the 
primary elements. The splitting of the principal peaks of the survey XPS 
spectrum is indicative of multiple forms of bonding involving the atom of 
each split peak. For example, the XPS survey spectrum shown in Figure 
10 shows extraordinary potassium and oxygen peak shifts. All of the 
potassium primary peaks are shifted to about the same extent as that of 
the K3s and K3p. In addition, extraordinary Ols peaks of the 
electrolytic cell sainple were observed at 537.5 eV and 541.% eV; whereas, a 
single Ols was observed in the XPS spectrum of ^2^03 at 532.0 eV. The 
results are not due to uniform charging as the internal standard Cls 
remains the same at 284.6 eV. The results are not due to differential 
charging because the peak shapes of carbon and oxygen are normal, and 
no tailing of these peaks was observed. The binding energies of the 
K^CO^ control and the KHKHCO^ electrolytic cell sample are shown in 
Table 2. The range of binding energies from the literature [121 for the 
peaks of interest are given in the final row of Table 2. The K3p, K3sy 
K2py^, K2py^, and Kls XPS peaks and the Ols XPS peaks shifted to an 
extent greater than those of known compounds may correspond to and 
identify KHKHCO^. 
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B. XPS of Poly-Potassium Hydrino Hydride, KH, Electrolytic Cell Sample 

The XPS survey scan of the KH electrolytic cell sample is shown in 
Figure 11. Cl^ at 284.5 eV was used as the internal standard for the KH 
sample and the control K^CO^. The major species present in the control 
are potassium and carbon and oxygen. The major species present in the 
KH sample was potassium. Large silicon, oxygen and graphitic and 
hydrocarbon carbon peaks were also seen that originated from the silicon 
wafer sample mount. Nitrogen was present, and trace magnesium and 
sodium may be present. The identifying peaks of the primary elements 
and their binding energies are: Na Is at 1072.2 eV, O \s at 532.0 eV, 
NaKL^L^ at 496.6 eV, N \s at 399.3 eV, K2s at 377.2 eV, MgKL^L^ at 
305.9 eV, K2p,,^ at 295.4 eV, K2p^,^ at 292.5 eV, Cls at 285.5 and 284.6 
eV, 5/2/73,2 at 156.7 eV and 153.4 eV, Si 2s at 105.7 eV and 102.1 eV, and 
Mg 2s at 88.5 eV. 

No elements were present in the survey scan which could be 
assigned to peaks in the low binding energy region with the exception of 
the K3p at 16.8 eV, ^3^ at 33.0 eV, 0 2s at 26.2 eV, and Mg2p at 49.6 
eV. Accordingly, any other peaks in this region must be due to novel 
species. The 0-80 eV binding energy region of a high resolution XPS 
spectrum of the KH electrolytic cell sample is shown in Figure 12. Peaks 
of interest were observed in the valance band at 3.8 eV, 9.95 eV, and 
13.7 eV which may be due to nitrogen, carbon, and oxygen, but the 
assignment can not be made with certainty. A 62.8 peak may be 
assigned to Na2s, However, no peak is detectable above baseline at 29.8 
eV which corresponds to Na2p^,^, Since the intensity of the Na2p^,^ peak 
is less than Na2s, and the Na2s peak is weak, the Na2p^,^ may not be 
seen. So, the assignment is uncertain. Novel peaks were observed in the 
KH sample at 19.5 eV, 36.0 eV, and 68.0 eV. The 68.0 eV peak may be 
assigned to M3p, but the shape is incorrect. And, if the N\2p^,2 about 
860 eV is present, it is smaller than the proposed Ni3p. Thus, the 68.0 
eV can not be assigned to Ni3p. 

The XPS peaks at 19.5 eV, 36.0 eV, and 68.0 eV do not correspond 
to any other primary element peaks. The 68.0 eV peak may correspond 
to a hydride ion with a binding energy of 69:2 eV given in the Appendix. 
Peaks at 19.5 eV and 36.0 eV which do not correspond to any other 
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primary element peaks were observed. The intensity and shift match 
shifted K3s and K3p. Hydrogen is the only element which does not have 
primary element peaks; thus, it is the only candidate to produce the 
shifted peaks. These peaks may be shifted by a highly binding hydride 
ion with a binding energy of 22.8 eV given in the Appendix that bonds to 
potassium K3p and shifts the peak to this energy. In this case, the K3s 
is similarly shifted. The shift of about 3 eV is greater than that of known 
potassium compounds. These peaks were not present in the case of the 
XPS of matching samples isolated from an identical electrolytic cell except 
that Na^CO^ replaced K^COj^ as the electrolyte. 

The KH electrolytic cell sample was observed to be weakly 
ferromagnetic. The origin of the magnetism is from nonmetallic elements 
which were most likely potassium and hydrogen. 

NMR 

The signal intensities of the MAS NMR spectrum of the K^CO^ 
reference were relatively low. It contained a water peak at 1.208 ppm, a 
peak at 5.604 ppm, and very broad weak peaks at 13.2 ppm, and 16.3 
ppm. The 'H MAS NMR spectrum of the KHCO^ reference contained a 
large peak at 4.745 with a small shoulder at 5.150 ppm, a broad peak at 
13.203 ppm, and small peak at 1.2 ppm. 

The 'H MAS NMR spectra of the KHKHCO^ electrolytic cell sample is 

shown in Figure 13. The peak assignments are given in Table 3. The 
reproducible peaks assigned to KHKHCO^ in Table 3 were not present in 
the controls except for the peak assigned to water at +5.066 ppm. The 
novel peaks could not be assigned to hydrocarbons. Hydrocarbons were 
not present in the electrolytic cell sample based on the TOFSIMS 
spectrum and FTIR spectra which were also obtained (see below). The 
novel peaks without identifying assignment are consistent with 
KHKHCO^. The NMR peak of the hydride ion of potassium hydride was 
observed at 0,8 and 1.1 ppm relative to TMS. The upfield peaks of Figure 
13 are assigned to novel hydride ion {KH-) in different environments. 
The down field peaks are assigned to the proton of the potassium 
hydrogen carbonate species in different chemical environments (-KHCO^). 
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FTIR 

The FTIR spectra of K^CO^ (99%) and KHCO, (99.99%) were 
compared with that of the KHKHCO^ electrolytic cell sample. A spectrum 
of a mixture of the bicarbonate and the carbonate was produced by 
digitally adding the two reference spectra. The two standards alone and 
the mixed standards were compared with that of the electrolytic cell 
sample. From the comparison, it was determined that the electrolytic cell 
sample contained potassium carbonate but did not contain potassium 
bicarbonate. The unknown component could be a bicarbonate other than 
potassium bicarbonate. The spectrum of potassium carbonate was 
digitally subtracted from the spectrum of the electrolytic cell sample. 
Several bands were observed including bands in the 1400 -1600 cm"* 
region. Some organic nitrogen compounds (e.g. acrylamides, 
pyrolidinones) have strong bands in the region 1660 C7n~* [13]. However, 
the lack of any detectable C-H bands (« 2800-3000 c/n"') and the bands 
present in the 700 to 1100 cm"' region indicate an inorganic material [14], 
Peaks are not assignable to potassium carbonate were observed at 3294, 
3077, 2883, 1100 cm"', 2450, 1660, 1500, 1456, 1423, 1300, 1154, 1023, 846, 761, 
and 669 cm"* . 

The overlap FTIR spectrum of the electrolytic cell sample and the 
FTIR spectrum of the reference potassium carbonate appears in Figure 
14. In the 700 to 2500 cm~' region, the peaks of the electrolytic cell sample 
closely resemble those of potassium carbonate, but they are shifted about 
50 cm"* to lower frequencies. The shifts are similar to those observed by 
replacing potassium {K^CO^) with rubidium (Rb^CO^) as demonstrated by 
comparing their IR spectra [15]. The shifted peaks may be explained by 
a polymeric structure for the compound KHKHCO^ identified by ToF- 

SIMS, XPS, and NMR. 

Mass Spectroscopy (MS) 

The KH electrolytic cell sample did not decompose upon heating to 
600 °C. Essentially no hydrogen was observed by mass spectroscopy. 
The sample changed very little which indicates no decomposition and 
extraordinary stability for a compound mainly comprised of hydrogen. 
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Further Analytical Tests 

X-ray diffraction (XRD), elemental analysis using inductively 
coupled plasma (ICP), and Raman spectroscopy were also performed on 
the KHKHCO^ electrolytic sample [10]. The XRD data indicated that the 
diffraction pattern of the electrolytic cell sample does not match that of 
either KH, KHCO^, K^CO^, or KOH, The elemental analysis supports 
KHKHCO^, In addition to the known Raman peaks of KHCO^ and a small 
peak assignable to K^CO^, unidentified peaks at 1685 crm"' and 835 cm"' were 
present. Work in progress [10] demonstrates that KHKHCO^ may also be 
formed by a reaction of gaseous Kl with atomic hydrogen in the presence 
of K^CO^ [16]. In addition to the previous analytical studies, the fragment 
KK^CO^ corresponding to KHKHCO^ was observed by electrospray 
ionization time of flight mass spectroscopy as a chromatographic peak on 
a CI 8 liquid chromatography column typically used to separate organic 
compounds. No chromatographic peaks were observed in the case of 
inorganic compound controls Kly KHCO^, K^CO^y and KOH 

DISCUSSION 

Alkali and alkaline earth hydrides react violently with water to 
release hydrogen gas which subsequently ignites due to the exothermic 
reaction with water. Typically metal hydrides decompose upon heating 
at a temperature well below the melting point of the parent metal. These 
saline hydrides, so called because of their saltlike or ionic character, are 
the monohydrides of the alkali metals and the dihydrides of the alkaline- 
earth metals, with the exception of beryllium. BeH^ appears to be a 
hydride with bridge type bonding rather than an ionic hydride. Highly 
polymerized molecules held together by hydrogen-bridge bonding is 
exhibited by boron hydrides and aluminum hydride. Based on the 
known structures of these hydrides, the ToF-SIMS hydride clusters such 
as K[KHKHC0^\^, the XPS peaks observed at 22.8 and 38.8 eV, upfield 

NMR peaks assigned to hydride ion, and the shifted FTIR peaks, the 
present novel hydride compound of the KHKHCO^ electrolytic cell sample 
may be a polymer, \KHKHCOy\, with a structural formula which is similar 
to boron and aluminum hydrides. The reported novel compound 
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appeared polymeric in the concentrated electrolytic solution and in 
distilled water. [KHKHCOj\ is extraordinarily stable in water; whereas, 

potassium hydride reacts violently with water. 

As an example of the structures of this compound, the 
K[KHKHC0^]1 m/z = (39 + 140n) series of fragment peaks is tentatively 
assigned to novel hydride bridged or linear potassium bicarbonate 
compounds having a general formula such as [KHKHC0^\ n = 1,2,3.,,, 

General structural formulas may be 



/ HC03\ 



\ 



and 



K^— H — K''— HCO3' — 



Liquid chromatography/ESIToFMS studies are in progress to support the 
polymer assignment. 

The observation of inorganic hydride fragments such as 
K[KHKHC0^Y in the positive ToF-SIMS spectra of samples isolated from 
the electrolyte following acidification indicates the stability of the novel 
potassium hydride potassium bicarbonate compound [10]. The 
electrolyte was acidified with HNO^ to pH = 2 and boiled to dryness to 
prepare samples to determine whether KHKHCO^ was reactive under 
these conditions. Ordinarily no K^CO^ would be present, and the sample 
would be converted to KNO^, Crystals were isolated by dissolving the 
dried crystals in water, concentrating the solution, and allowing crystals 
to precipitate. ToF-SIMS was performed on these crystals. The positive 
spectrum contained elements of the series of inorganic hydride clusters 
{K{KHKHCO^]\ m/z^(39-\'l40n), K^OH[KHKHCO,Y„ m/z = (95 + 140n), and 
K^C{KH KHCO^]l m/z = (133 + 140rt)) that were observed in the positive ToF- 
SIMS spectrum of the KHKHCO^ electrolytic cell sample as discussed in 
the ToF-SIMS Results Section and given in Figures 3-4 and Table 1. The 
presence of bicarbonate carbon (Cl5 = 289.5 eV) was observed in the XPS 
of the sample from the HNO^ acidified electrolyte. In addition, fragments 
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of compounds formed by the displacement of hydrogen carbonate by 
nitrate were observed [10]. A general structural formula for the reaction 
maybe 



H — K"" — HCO3' 



no: 



n or 



\ / 
H" 



+ nHCO: 



(4) 



During acidification of the K^CO^ electrolyte the pH repetitively 
increased from 3 to 9 at which time additional acid was added with 
carbon dioxide release. The increase in pH (release of base by the 
titration reactant) was dependent on the temperature and concentration 
of the solution. A reaction consistent with this observation is the 
displacement reaction of NOl for HCO^' as given by Eq. (4). 

KH was stable at elevated temperature (600 ^C). The positive and 
negative ToF-SIMS of the KH electrolytic sample showed essentially 
and H~ only, respectively. Hydride ions with a binding energies of 22.8 eV 
and 69.2 eV have been observed by XPS of KH , The former hydride ion 
with a binding energy of 22.8 was observed by X-ray photoelectron 
spectroscopy (XPS) of the KHKHCO^ electrolytic sample. These 
compounds appear polymeric in aqueous solution. KH was observed to 
be weakly ferromagnetic; whereas, KHKHCO^ was diamagnetic. The 
magnetism of KH may be due to mixed oxidation states due to the 
presence of two hydride ions with a substantially reduced radii to permit 
spin correlation. 
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CONCLUSIONS 



The ToF-SIMS, XPS, and NMR results confirm the identification of 
KHKHCO^ and KH with a new stales of hydride ions. The chemical 
structure and properties of these compounds having hydride ions with 
high binding energies are indicative of a new field of hydride chemistry. 
The novel hydride ions may combine with other cations such as other 
alkali cations and alkaline earth, rare earth, and transition element 
cations. Thousands of novel compounds may be synthesized with 
extraordinary properties relative to the corresponding compounds having 
ordinary hydride ions. These novel compounds may have a breath of 
applications. For example, a high voltage battery (Eqs. (1-3)) according to 
the hydride binding energies of 22.8 eV and 69.2 eV observed by XPS may 
be possible having projected specifications that surpass those of the 
internal combustion engine. 
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APPENDIX 



A novel hydride ion having extraordinary chemical properties 
given by Mills [10] is predicted to form by the reaction of an electron 
with a hydrino (Eq. (6)), a hydrogen atom having a binding energy given 
by 

^. ^ 13.6 eV ... 

Binding Energy = 2 v ^ ^ 

UJ 

where p is an integer greater than 1, designated as ^j^^j where fl„ is 

the radius of the hydrogen atom. The resulting hydride ion is referred to 
as a hydrino hydride ion, designated as H~{1/ p). 
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H-{Vp) (6) 



The hydrino hydride ion is distinguished from an ordinary hydride 
ion having a binding energy of 0.8 eV. The latter is hereafter referred to 
as "ordinary hydride ion". The hydrino hydride ion is predicted [10] to 
comprise a hydrogen nucleus and two indistinguishable electrons at a 
binding energy according to the following formula: 



/n?ti; 



Binding Energy p-^ — ^ ^ 32^3 



(7) 



^^^.JiWSj 

where p is an integer greater than one, j = l/2, ;r is pi, ^ is Planck's 
constant bar, //^ is the permeability of vacuum, m, is the mass of the 
electron, is the reduced electron mass, is the Bohr radius, and e is 
the elementary charge. The ionic radius is 

^ .1 

From Eq. (8), the radius of the hydrino hydride ion ^?-(l/p); p = integer is - 

that of ordinary hydride ion, /r(l/l). The XPS peaks of KHKHCO, 
centered at 22.8 eV and 38.8 eV and the XPS peaks of KH centered at 
19.5 and 36.0 are assigned to shifted K3s and K3p, The anion does 
not correspond to any other primary element peaks; thus, it may 
correspond to the /r(n = 1/6) =22.8 hydride ion predicted by Mills 
[10] where Ej, is the predicted binding energy. The XPS peak of KH 
centered at 68.0 eV is assigned to H-{n = \IU)E^^692 eV 

Hydrinos are predicted to form by reacting an ordinary hydrogen 
atom with a catalyst having a net enthalpy of reaction of about 

m-27.21eV (9) 
where m is an integer [10]. This catalysis releases energy from the 
hydrogen atom with a commensurate decrease in size of the hydrogen 
atom, r,=nfl^. For example, the catalysis of H{n^\) to H(n = l/2) releases 

40.8 eV, and the hydrogen radius decreases from to -a^. One such 

catalytic system involves potassium. The second ionization energy of 
potassium is 31.63 eV; and releases 4.34 eV when it is reduced to K, 
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The combination of reactions to K'^^ and io K, then, has a net 
enthalpy of reaction of 27,28 eV, which is equivalent to m = l in Eq. (9). 

27.28 e V + a:* + a:^ + //|^^ j ^K+K^'^ ^[(^] + + - ^ 1^-^ ^ ^ ^> 

^ + ^2+_> + + 27.28 eV (11) 
The overall reaction is 

//J^j ^ + 1)2 ^ 5 (12) 

The energy given off during catalysis is much greater than the energy 
lost to the catalyst. The energy released is large as compared to 
conventional chemical reactions. For example, when hydrogen and 
oxygen gases undergo combustion to form water 

H,{g)^\0^{g)-^H,0{1) (13) 
the known formation enthalpy of water is AH ^ = -2^6 kJ / mole or 1.48 eV 
per hydrogen atom. By contrast, each ordinary hydrogen atom (« = 1) 
catalysis releases a net of 40.8 eV. 

Calorimetry of pulsed current and continuous electrolysis of 
aqueous potassium carbonate at a nickel cathode were performed at 
Thermacore, Inc., Lancaster, PA [7]. This cell had produced an enthalpy 
of formation of novel hydride compounds of 1.6X10^/ that exceeded the 
total input enthalpy given by the product of the electrolysis voltage and 
current over time by a factor greater than 8. The exothermic reactions 
Eq. (10-12), Eq. (6) and the enthalpy of formation of KHKHCO^ could 
explain the observation of excess enthalpy. 

Calorimetry of pulsed current electrolysis of aqueous potassium 
carbonate at a nickel cathode was performed at Idaho National 
Engineering Laboratory. The cell was wrapped in a one-inch layer of 
urethane foam insulation about the cylindrical surface. The cell was 
operated in a pulsed power mode. A current of 10 amperes was passed 
through the cell for 0.2 seconds followed by 0.8 seconds of zero current 
for the current cycle. The cell voltage was about 2.4 volts, for an average 
input power of 4.8 W. The electrolysis power average was 1.84 W, and 
the stirrer power was measured to be 0.3 W. Thus, the total average net 
input power was 2.14 W. The cell was operated at various resistance 
heater settings, and the temperature difference between the cell and the 
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ambient as well as the heater power were measured. The results of the 
excess power as a function of cell temperature with the cell operating in 
the pulsed power mode at 1 Hz with a cell voltage of 2.4 volts, a peak 
current of 10 amperes, and a duty cycle of 20 % showed that the excess 
power is temperature dependent for pulsed power operation, and the 
maximum excess power was 18 W for an input electrolysis joule heating 
power of 2.14 W. Thus, the ratio of excess power to input electrolysis 
joule heating power was 850 % [17]. The exothermic reactions Eq. (10- 
12), Eq. (6) and the enthalpy of formation of KH could explain the 
observation of excess enthalpy. 



2 1 
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Table 1. The respective hydride compounds and mass assignments (mfz) 
of the positive ToF-SIMS of the KHKHCO^ electrolytic cell sample. 



Hydrino Hydride 
Compound 
or Fragment 


Nominal 
Mass 

TH 1 Z 


Observed 

771 / Z 


uaicuiateci 

Tfl 1 Z 


uinerence 

Ob<;pr\/ed 
and Calculated 
ml z 


KM 


4 0 


39.97 


39.971535 


0.0015 


KjH 


7 9 


78.940 


78.935245 


0.004 


(KH) 


A n 


79.942 


79 94307 


0.001 




Q 7 




Q6 945805 


0 0008 


KH^{KH\ 


1 ^ 1 


1 20.925 


1 20.92243 


0.003 


KH KHCO 


1 OA 


1 23.925 


123.93289 


0.008 


KH KHO 


1 4*^ 


1 44.92 


1 44.930535 


0.010 


K{KOH\ 


I 0 1 


1 50.90 


1 50.8966 


0.003 


KH(KOH\ 


1 52 


151 .90 


151 .904425 


0.004 


KH^{KOH\ 


1 53 


152.90 


152.91225 


0.012 


K[KH KHCO^] 


179 


178.89 


178.8915 


0.001 


KCO{KH\ 


187 


186.87 


186.873225 


0.003 


K^OHKHKOH 


191 


190.87 


190.868135 


0.002 


KH^KOHKHKOH 


1 93 


192.89 


192.883785 


0.006 


K,0{H,0\ 


205 


204.92 


204.92828 


0.008 


K^0H[KH KHCO^] 


235 


234.88 


234.857955 


0.002 


K{H^CO,KHKHCO^] 


257 


256.89 


256.8868 


0.003 


k^o[khkhco^] 


273 


272.81 


272.81384 


0.004 


[KH,CO,l 


303 


302.88 


302.89227 


0.012 


k[kh KHCO^K^CO^] 


317 


316.80 


316.80366 


0.004 


k[kh khco^\ 


319 


318.82 


318.81931 


0.001 


kh^{khkoh\ 


329 


328.80 


328.7933 


0.007 


K0H^[KH KHCO,\ 


337 


336.81 


336.82987 


0.020 


KHKO^ 

[KH KHC0:,\KHC0^] 


351 


350.81 


350.80913 


0.001 


KKHK^CO^ 
[KHKHCO^] 


357 


356.77 


356.775195 


0.005 
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kkh[khkhco^\ 


35 9 


358.78 


358.790845 


0.01 1 


K^0H[KH KHCO^\ 


375 


374.78 


374.785755 


0.005 


K^OH{KHKOH\ 
\KHCOA 


387 


386.75 


386.76238 


0.012 


KKH^KH,\KH KHCOX 


405 


404.79 


404.80933 


0.019 


[khkhco^] 
k[khkoh{k^co^)^ 


411 


410.75 


410.72599 


0.024 




413 


412.74 


A A 0 7 A -i CA 
HI d, / HI D4 




vkhkoh 1 
(kh khco \ 


415 


414.74 




n rn 7 


KH^OKHCO^ 
[KHKHCO^\ 


437 


436.81 


436.786135 


0.024 


KKHKCO2 {Kti KtitU^ J2 


442 


441 .74 


441 .744375 


0.004 




459 


458.72 


458.7471 1 


0.027 


//[ A// A C/J I2 [^2 ^ ^ J2 

or 

K 0 hIkhkhcoA 


469 


468.70 


468.708085 


0.008 


k\k CO MkhcoA 


A~7~7 


ATR, TO 
H f \> . 1 cL 


47fi 744655 


0.025 


K 0H\KH KHCOA 


010 




CI 4 71 3555 


0.006 


K.CiKHKHCOA 


0 3 0 


o 0 ^ . 0 / 


^50 66944 


0.001 




R QQ 

0 y y 




598 67491 


0.025 


KfiH\KH KHCO^\ 


A 




654 641355 


0.009 


K.dKHKHCOX 


693 


692.60 


692.59724 


0.003 


k[kh khco^\ 


739 


738.65 


738.60271 


0.047 


K^C{KHKHCO^\ 


833 


832.50 


832.52504 


0.025 


k[kh khco^\ 


879 


878.50 


878.53051 


0.031 


K^C{KHKHCO^\ 


973 


972.50 


972.45284 


0.047 
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Table 1. The binding energies of XPS peaks of K^CO^ and the KHKHCO^ 



XPS 

# 


C\s 
(eV) 


O Is 
(eV) 


K3p 

(eV) 


K3s 
(eV) 


Kip, 
(eV) 


Kip, 
(eV) 


Kls 
(eV) 




288.4 


532.0 


18 


34 


292.4 


295.2 


376.7 


KHKHCO^ 
Electrolytic 
Ceil 
SanriDle 


288.5 


530.4 
537.5 
547.8 


16.2 
22.8 


32.1 
38.8 


291.5 
298.5 


293,7 
300.4 


376.6 
382.6 


Min 
Max 


280.5 
293 


529 
535 






292 
293.2 
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Table 3. The NMR peaks of the KHKHCO^ electrolytic cell sample with 



Peak at Shift 


Assignment 


(ppm) 




+34.54 


Side Dand ot 

4.17 1fi3 nofil^ 




peak 


+ 17.163 


KHKHCO^ 


+ 1 0.91 


KHKHCO^ 


+8.456 


KHKHCOj 


+ / . o u 


KHKHCO^ 


+5.066 




+1.830 


KHKHCO^ 


-0.59 


side band of 
+17.163 oeak 


-12.05 


KHKHCO^^ 


-15.45 


KHKHCO^ 



3 small shoulder is observed on the -12.05 peak 
which is the side band of the +5.066 peak 
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Figure 1. The positive ToF-SIMS spectnim (/n/e = 0 - 200) of KHCO^ 
(99.99%) where HC = hydrocarbon. 

Figure 2. The positive ToF-SIMS spectrum (m/e = 200-1000) of 
KHCO^ (99.99%) where HC = hydrocarbon. 

Figure 3. The positive ToF-SIMS spectrum (m/e = 0-200) of the 
KHKHCO^ electrolytic cell sample where HC = hydrocarbon. 

Figure 4. The positive ToF-SIMS spectrum (m/e = 200- 1000) of 
the KHKHCO^ electrolytic cell sample where HC = hydrocarbon. 

Figure 5. The negative ToF-SIMS spectrum (m/e = 0-50) of the 
KHCO^ (99.99%) sample. 

Figure 6. The negative ToF-SIMS spectrum (m/e = 0-30) of the 
KHKHCO^ electrolytic cell sample. 

Figure 7. The positive ToF-SIMS spectrum of the KH electrolytic 
cell sample. 

Figure 8. The negative ToF-SIMS spectrum of the KH electrolytic 
cell sample. 

Figure 9. The 0 to 80 eV binding energy region of a high 
resolution XPS spectrum of the KH KHCO^ electrolytic cell sample. 

Figure 10. The XPS survey spectrum of the KHKHCO^ electrolytic 
cell sample with the primary elements identified. 

Figure 11. The XPS survey scan of the KH electrolytic cell sample. 

Figure 12. The 0-80 eV binding energy region of a high resolution 
XPS spectrum of the KH electrolytic cell sample. 

Figure 13. The magic angle spinning proton NMR spectrum of the 
KHKHCO^ electrolytic cell sample. 

Figure 14. The overlap FTIR spectrum of the KHKHCO^ electrolytic 
cell sample and the FTIR spectrum of the reference potassium carbonate. 
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Novel compounds containing hydrogen in new hy- 
dride and polymeric states that demonstrate novel 
tZgLLdstryhayebeeni^latedfollawmgi^^^ 

^Ws<>foK,COselectMy,eMp^^^ 
cessenergy.lr}organichydrideclustersKimmCO,L 

and hydwgen polymer ions such as OH2, and Huwere 
^nHfUd by time-of-Mfa secondary ion mass spectros- 
copy UeX^me of compounds containing new states 

^^o'X^confiLed^X.rayphotoe^^^^ 
copy. X-ray diffraction, Founer transform '"^a^^ 'P^^ 
troscopy, Raman spectroscopy, and proton nuclear 
magnetic resonance spectroscopy. 



Where p is an integer >J:,designated as 

fl„ is the radius of the hydrogen atom. T]>f,^"™^ ny 

^de ion is referred to as a hydrino hydnde ion, destg- 

natedasH'U/p): 



Binding Energy = 



13.6 eV 

0" 
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«l7] 



+ 1!' 



»H-(l/p) . 



(2) 



The hydrino hydride ion is distinguished fwm imo*^ 



Binding Energy - 



I. INTRODUCTION 

A hydride ion comprises two M*^^"'*!^'! 
tronrbotod to a proton. AlkaK '"•d alkaline earA hy- 
S^s react violent with water to release bydro^^^ 
Aat subsequently ignites because of the exoAennic re- 
,r«r^^ater •m.ically, metal hydrides decompose 
ShSga ruS^tu^weUbelowtbemeltingP^^ 
KTarent ffletal. liese saline hydrides, so calledbe- 
caus^ of their salllike or ionic character, a.* Ae mono- 
h^^des T(bt alkali metals and the dihydndes of the 
alkaline-earth metals. ^h-mical 
A novel hydride ion havmg «f ".^'f™'^^^^ 
properties, given by Mills.' ^l^^'^'^'^^TlSZ- 
JeaSon of an electron with a hydnno [Eq. (2)]. a hydro- 
gen atom having a binding energy g?ven by 



r 1 + VJcTiT)? 



(3) 



(1) 



where 

p = integer >1 

s = \ 
TT = pi 

ft = Planck*s constant bar 
permeability of vacuum 
= mass of the electron 
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= reduced electron mass 
flo ~ Bbhf radios 
€ = elementary charge. 
The ionic radius is 



''i = — (1 + VJ(7+T)),5=- . (4) 

From Eq. (4), the radius of the hydrino hydride ion 
H 0/p),p = integer, is \/p that of the ordinary hydride 
ion, H~(l/1). The binding energies and radii of the first 
16 hydride ions, H (n = as a function of where 
/7 is an integer, are shown in Table I. 

Hydrinos are predicted to form by reacting an ordi- 
nary hydrogen atom with a catalyst having a net en- 
thalpy of reaction of about 

m-27.21 eV , (5) 

where m is an integer.^ This catalysis releases energy from 
the hydrogen atom with a commensurate decrease in size 
of the hydrogen atom, r„ = /ifl„. For example, the catal- 
ysis of H(/i ^ 1) to H(n = I) releases 40.8 eV, and the 
hydrogen radius decreases from to ^a^. One such 
catalytic system involves potassium. The second ioniza- 
tion energy of potassium is 31.63 eV, and K"" releases 



TABLE I 



The Representative Radius and Binding Energy of the Hydrino 
Hydride Ion H"(n = l/p) as a Function of p 



Hydride Ion 




Binding Energy 
(eV)" 


'N^^velenglh 
(nm) 


H-(n=|) 
H-(n-|) 
H-(n-l) 


1.8660 
0.9330 
0.6220 
0.4665 


0.7540 
3.047 
6.610 
11.23 


1644 
407 
188 
110 


H-(n - |) 
H-(/i - i) 


0.3732 
0.3110 
0.2666 
0.2333 


16-70 
22.81 
29.34 
36.08 


74.2 
54.4 
42.3 
34.4 


H-(n = |) 
H-(n= A) 
H-(n-3T) 
H-(/. = ^) 


0.2073 
0.1866 
0.1696 
0.1555 


42.83 
49.37 
55.49 
60.97 


28.9 
25.1 
22.3 
20.3 


H-(/i-A) 

H-(n = ^) 


0.1435 
0.1333 
0.1244 
0.1166 


65.62 
69.21 
71.53 
72.38 


18.9 
17.9 
17.3 
17.1 



'Equation (4). 
**EquaUon (3). 
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4.34 eV when it is reduced to K. The combination of re- 
actions to K^^ and K+ to K, then, has a net enthalpy 
of reaction of 27.28 eV, which is equivalent to /n = 1 in 
Eq.(5): 

27.28 eV + K-^ + K-^ + nj^ — j 

-^K + K^+^-nf— ^1 
L(P + 1)J 

+ Hp-h\y~p^]X\3.6eV (6) 

and 

K + K2+ ^ K-" + + 27.28 eV . (7) 
The overall reaction is 

(8) 

The energy given off during catalysis is much greater than 
the energy lost to the catalyst. The energy released is large 
as compared to conventional chemical reactions. For ex- 
ample, when hydrogen and oxygen gases undergo com- 
bustion to form water, 

H2U) + i02(^)->H20(/) , • (9) 

the known enthalpy of formation of water is AH/ = -286 
kJ/mol or 1.48 eV per hydrogen atom. By contrast, each 
(n-l) ordinary hydrogen atom undergoing catalysis re- 
leases a net of 40.8 eV. Moreover, further catalytic tran- 
sitions may occur: = | ^ ^ i, J }, and so on. 
Once catalysis begins, hydrinos autocatalyze further in a 
process called disproportionation.' This mechanism is 
similar to that of an inorganic ion catalysis. But, hydrino 
catalysis should have a higher reaction rate than that of 
the inorganic ion catalyst because of the better match of 
the enthalpy to m X 27.2 eV. 

Hydrino hydride ions may react with cations to pro- 
duce compounds such as alkali and alkaline earth hy- 
drides; A representative compound has the formula 
MU^M'X, wherein m is an integer, A/ and Af' are each 
an alkali or alkaline earth cation, X is a singly or dou- 
bly negative charged anion, and the hydrogen content 
H„ of the compound comprises at least one hydrino hy- 
dride ion. For example, an inorganic hydride compound 
having the formula KH KHCO3 was isolated from an 
aqueous K2CO3 electrolytic cell reactor. Inorganic hy- 
dride clusters K[KH KHCO3]: were identified by time- 
of-flight secondary ion mass spectroscopy (TOF-SIMS). 
A hydride ion with a binding energy of 22.8 eV has been 
observed by X-ray photoelectron spectroscopy (XPS) and 
has upfield shifted solid-state magic-angle spinning pro- 
ton nuclear magnetic resonance ( ' H MAS NMR) peaks. 
Moreover, a polymeric structure is indicated by Fourier 
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teansfonn mfrared (FTIR) specttoscopy. Addition^ Wgh 
biBding energy hydride ions of »°^,^„^>''3j^' 
alkaline earth hydrides were observed by XPS. In add^ 
tion, polyhydrogen compounds may form >«?™se hy- 
drino^oms and hydrino hydride ions have orbitals oA« 
ftan the s orbital, which may PW'« 
Hydrogen polymer ions such as OHjj and H,* were 
identified by TOF-SIMS. 

The discovery of novel hydrogen species such as hy- 
dride ions with high binding energies has mP^""""' 
for a new field of hydrogen chennstry ftese -ovel com^ 
positions of matter and associated technologies may have 
to-reaching appUcations in many industnes, including 
chemical. elec'S^nics. computer, r^^^'^'^'^^^ 
aerospace, in the form of products such as batteries, pro- 
pellants, soUd fiiels. munitions, surface coatings, struc- 
tural materials, and chemical processes. 

II. EXPERIMENTAL 



II.A. Eleetrolrtie Cells 

Thennacore (Lancaster, Pennsylvania) operated a 
•K,CO, electrolytic cell consisting of a "^kd/^^^*; 
ode and plaUnized titanium anodes descnbed by NW^ 
^a? and herein referred to as the "nieimacore electro- 
lytic ceU. This celLbad produced an enthalpy of forma- 
tion of increased binding energy hydrogen compounds 
of 1 6 X 10» J that exceeded the total input enthalpy given 
by the product of the electrolysis voltage and current ov« 
Sne by a factor >8. Briefiy, the cell vessel cornpn^ » 
lO-eal (33- X 15-in.) Nalgene tank. An outer cathode con- 
liTtl^ofSWOmofaS-n^-diamclea^^^ 
wire' wound on a polyethylene cylindrical support. A cen- 
^caftodecomiSsed 5000 m of the "ckel '-ire w°und 
to a toroidal shap^. The central cathode was mserted mto 
a c^SS. P^^orated polyethylene cont^er ttiat 
plied inside the: outer cathode with 
Leen the central and outer cathodes. an°de com. 
prised an array of 15 platinized titanium anod^. Before 
assembly the anode array was cleaned m 3 M HCl tor 
TZZi rinsed witi. <»istiUed wat^ Tl.e cathode w^ 
cleaned by placing it in a tank of 0.57 M ^fO£% 
H^, for 6 h and tiien by rinsing it with distilled water. 
^Inodt was placed in the support between the cent^ 
Pouter cadKxles. andlheelectiode^sernblyw^pl^ 

in the tank containing electrolyte. TTie 
tio!rcomprised28 <of 0.57M K,C03(AlfaK^03 99%). 

•Nl 2000.0197 in..HTN36NOAGl,ftomA^l "Wire Tech, hic., 
840-39th Avenue, Rockford, Illinois 61 109. 

•.Ten of me anodes were Engelhard Pt/T. me*. 1-6 x f ^ 
^th one I X 7-10. stem attached to the 1.6-in. ^de plated 
^2 m U series 3000; five of the '»'?des w«e Engett^ 
I.in.-diam X g-in-long titanium ^J^^^^^^l^ ^ 
affixed to the interior of one ead and plated with 100 U Ft 

series 3000. 

FUSION ■reCHNOLOGY VOI- 37 MAR. 2000 



Mills NoMhTOROGEN COMPOUNDS 

Becttolysis was performed at 20-A constant current with 
a constant current (±0.02%) power supply. 

A cTl tiiat produced 6.3 X 10» J of enthalpy of for- 
mation of mcre^Ll binding energy hydrogen ^oinpounds 
was operated by BlackLight Power (Malvern, Penn^- 
vania)%ereinreferredtoas.heBU>electro)mc eU^^ 
cell description is also given in Ref. 2 except that it lacked 
the additional central cathode. 

Idaho National Engineering Laboratory (D^^/^ 
crated a cell,^ herein referred to as *e INELelectiolj^c 
cell identical to the Thermacore electrolytic cell except 
2 t tacked die central catiiode and tiiat «he cdl w^ 
wrapped in a 1 -in. layer of urethane foam ■"^'J-^"" ^ 
Uie cylindrical surface. The cell was ope"'«« « 5°'^ 
power mode. A current of 10 A was passed tiirou^ 
iell for 0.2 s followed by 0.8 s of zero current for tiie 
cunem cycle. The cell voltage was -2.4 V, for an aver- 
age input power of 4.8 W. -me electrolysis power av«- 
ale was 1 84 W, and the stirrer power was measured to 
be 0 3 W. Thus, the total average net input powCT was 
2 M W The cell was operated at various resistance heater 
se tings, a^d temp^ature difference between the cell 
ndX ambient as well as the heater Pow-was "^a- 
sured The results of the excess power as a fi»ctton of 
cell temperamre wiU, the cell operating in the puls^ 
power mode at 1 Hz witii a cell voltage of 2.4 V, a peak 
c^eit of 10 A. and a duty cycle of 20% showed that die 
excess poweris temperature dependent f P""**" ^'^^ 
operati^, and the maximum excess po^er was 18 W for 
aninput electrolysis joule heating power of 2.14 W. "n^, 
Ae ratio of excess power to input electrolysis joule heat- 
ing power was 850%. 



II.B. Sample Preparation 

Sample 1: The sample was prepared by concen- 
tratingOie K.CO, electrolyte from die l^erma^^^ec- 

trolylic cell using a rotary ^^''P""*" ?,'J°^e 
yellow-white polymeric suspension formed. ™ poly 
meric materialwas observed after Uie volume had been 
J^ced from 3000 to 150 cm». lite inorganic polymeric 
^r^^ wTcentriftiged to form a PeH^ "hat wj^^- 
^ed foUowing decanting of Oie concentirated electre^^. 

Sample 2: THe sample was prep^ by concent^ 
ing the K2CO, electrolyte from Uie TTwrmacore elect^ 
Wtic cell at rc^m temperature using an ^vaporauon didi 
until a yellow-white soUd contaimng a polymeric mate- 
riaJ ust formed. TTie remaining electrolyte was decanted, 

and the solid was dried and collected. „^,i„_ 
S«mp/.5:Thesamplewasprepa,«lbyconcen^ 

300 cm' of the K2CO3 electrolyte from the BU> elwtro- 
?S^.cellusingarotaryevaporatorat50Tuntda^^^ 

itate iust formed. The volume was -50 cm'. AddiOooal 
elS.e-J^addedwhileheatingat50X»ntil^^^ 

tals disappeared. Crystals were tiien grown ov« 3 weefa 
byaiSu^satur^Itedsolutiontostamlinasealedround- 

bottom flask at 25°C. The yield was 1 g. 
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Sample 4: The cathode of the INEL electrolytic cell 
was placed in 28 € of 0.6M K2CO3/10% H2O2; 200 cm^ 
of the solution was acidified with HNO3. The solution 
was allowed to stand open for 3 months at room temper- 
ature in a 250-ml beaker. White nodular crystals formed 
on the walls of the beaker by a mechanism equivalent to 
thin layer chromatography involving atmospheric water 
vapor as the moving phase and the Pyrex silica of the 
beaker as the stationary phase. 

Sample 5: The sample was prepared by filtering the 
K2CO3 electrolyte from the BLP electrolytic ceU with a 
Whatman 1 10-mm filter paper.*^ 

Sample 6: The reference consisted of K2CO3 (99%). 

Sample 7: The reference consisted of KHCO1 
(99.99%). 

Sample 8: The reference consisted of HNO3 (99.99%). 

II.C. TOF-SIMS Characterization 

Samples were sent to Evans East (East Windsor, New 
Jersey) for TOF-SIMS analysis. The crystalhne samples 
were sprinkled onto the surface of double-sided adhe- 
sive tapes and characterized using a Physical Electronics 
TFS-2000 TOF-SIMS instrument. The primary ion gun 
utilized a ^^Ga+ liquid metal source. To remove surface 
contaminants and expose a fresh surface, the samples were 
sputter cleaned for 30 s using a 40- X 40-/im raster. The 
aperture setting was 3, and the ion current was 600 pA, 
I esuUing in a total ion dose ofTQ ions/cm^. 

During acquisition, tJie ion gim was operated using a 
bunched (pulse width 4 ns bunched to 1 ns) 15-kV 
beam."*^** The total ion dose was 10*^ ions/cm^. Charge 
neutralization was active, and the postaccelerating volt- 
age was 8000 V. Three different regions on each sample 
of (12 /im)2 (18 fim)\ and (25 /im)^ were analyzed. 
The positive and negative TOF-SIMS spectra were ac- 
quired. Representative postsputtering data are reported 
except where indicated. 

II.D. XPS Characterization 

The binding energy of various hydrino hydride ions 
may be obtained according to Eq. (3), as given in Table I. 
XPS was used to confirm the TOF-SIMS data showing 
production of the increased binding energy hydrogen com- 
pounds. This was achieved by identifying component 
hydrino hydride ions such as /i = | to n = ^ , £^ = 3 to 
73 eV. The identities of the other elements of the samples 
were confinned via the shifts of the primary element peaks 
of the component atoms due to binding with increased 
binding energy hydrogen species such as hydrino hy- 
dride ions. The hydrino hydride ion, « = 1^ , is the most 
stable hydrino hydride ion. Thus, XPS of the energy range 
= 3 to 73 eV detects these states. Compared to the 



^The Whatman filter paper is catalog number 1450 110. 
Recent specifications are listed in Ref. 5. 



surface of a cathode as the sample, isolation of pure 
hydrino hydride compounds from the electrolyte is a 
means of eliminating impurities so that impurities are 
eliminated as an alternative assignment to the hydrino 
hydride ion peaks. The absence of impurities was deter- 
mined fi-om the survey spectrum over the region = 0 
to 1200 eV. The survey spectrum also detected shifts in 
the binding energies of elements bound to hydrino hy- 
dride ions. 

A series of XPS analyses was made by the Zettle- 
moyer Center for Surface Studies, Sinclair Laboratory, 
Lehigh University, on the crystalline samples using a Sci- 
enta 300 XPS spectrometer. The fixed analyzer transmis- 
sion mode and the sweep acquisition mode were used. 
The step energy in the survey scan was 0.5 eV, and the 
step energy in the high-resolution scan was 0.15 eV. In 
the survey scan, the time per step was 0.4 s. and the num- 
ber of sweeps was 4. In the high-resolution scan, the time 
per step was 0.3 s, and the number of sweeps was 30. As 
the internal standard, C 1 j at 284.6 eV was used. 

lI.E. Characterization by XRD 

The X-ray diffraction (XRD) patterns were obtained 
by IC Laboratories (Amawalk, New York) using a Phil- 
lips 547 diffractometer tuned for CuK„ (1 .540590-A) ra- 
diation generated at 45 kV and 35 mA. The sample was 
scanned from 8 to 68 2-iheta with a step size of 0.02 deg 
and 1 s/step. 

II.F. FTIR Spectroscopy 

Samples were transferred to an infrared transmitting 
substrate and analyzed by FTIR spectroscopy by Sur- 
face Science Laboratories (Mo untain View, California) 
using aNicolet Magna 550 FITR spectrometer with a Nic- 
Plan FTIR microscope. The number of scans was 500 
for both the sample and background. The number of back- 
ground scans was 500. The resolution was 8.000. A dry 
air purge was applied. 

II.G. Raman Spectroscopy 

Experimental and control samples were analyzed 
bhndly by the Environmental Catalysis and Materials Lab- 
oratory of Virginia Polytechnic Institute. Raman spectra 
were obtained with a Spex 500 M spectrometer coupled 
with a liquid nitrogen- cooled charge coupled device de- 
tector (Spectrum One, Spex). An Ar"^ laser (Model 95, 
Lexel) with a hght wavelength of 514.5 run was used as 
the excitation source, and a holographic filter (Super- 
Notch Plus, Kaiser) was employed to effectively reject 
the elastic scattering from the sample. The spectra were 
taken at ambient conditions, and the samples were placed 
in capillary glass tubes (0.8- to 1.1 -mm outside diam- 
eter, 90 mm long, Kimble) on a capillary sample holder 
(Model 1492, Spex). Spectra of the powder samples were 
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acauired using the following condition: The laser power 
at A^a^ple was 10 n,W; the slit width of tte mono- 
chromator was 20 mm, which coiresponds to a resolu- 
fionof 3 cm-; the detector exposure time was 10 s; and 
30 scans were averaged. 

II.H. NMR SpectioscopY 

The 'H MAS NMR was performed on the oystal- 
line samples by Spectral Date Services (Champaign. 11- 
HroisTxhe data were obtained on a custom-bti.ll 
^s^i«er operating with a Nicolet mO c^P^t^^ 
Final pulse generation was from a ^^^ V^^^^ 
amrfiner. The 'H NMR frequency was 270.6196 MHz 
n JTpulse corresponding to a 15-deg pulse lengft 
and fs-s recycle dday was used. The window was 
±31 kHz iJspin spe^d was 4.5 kHz. TTie number of 
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scans was 1000. Chemical shifts were referenced to ex- 
3 The offset was 1527.12 Hz, and me mag- 
netic flux was 6.357 T. 
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III.A. TOr SIMS 

The positive TOF-SIMS spectrum obtained from 
■he KHCO, control is shown in Figs, l and 2. More- 
overSs^tive TOF-SIMS of sample 1 isolated fr^ 
the electrolytic cell is shown in Figs. 3 and 4. The 
resD^ctivrhydride compounds and mass assignments 
'^P^tIu U. m iTth ^e conuol and s-jle 1. 
ATpositive ion spectrum » .^"^"il^.^^ (3^ 
Two series of posiuve ions {KCKjCOjJ, 
138«) and KzOHlK^CO,]: m/z = (95 + 138n)) are 




Fig. l. Hie posirive TOF-SIMS speclnim 
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= 0 to 200) Of 99.99% KHCO, (HC = hydiocart>on). 
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Fig. 2. The positive TOF-SIMS spectrum {m/e = 200 to 1000) of 99.99% KHCO3 (HC = hydn)caibon). 



observed in the KHCO3 control. Other peaks contain- 
ing potassium include KC"^, K;,0+, K^O^H*, KCO^ 
and KJ. However, in sample 1, three new series of pos- 
itive ions are observed at {K[KH KHCOj]; m/z = (39 + 
140«), K20H[KHKHC03]: m/z = (95 + 140;i), and 
K30[KHKHC03]: m/z = (133 + 140/i)). These ions 
coiresjwnd to inorganic clusters containing novel hy- 
dride combinations (i.e., KH KHCO3 units plus other pos- 
itive fragments). These 140 series peaks were also piesent 
in the positive TOF-SIMS spectrum of samples 2 and 3. 
The TOF-SIMS peaks of sample 1 were much more in- 
tense because of purification. 

The comparison of the positive TOF-SIMS spec- 
tnun of the KHCO3 control wiUi the electrolytic cell 
sample shown in Figs. 1 and 2, and 3 and 4, respec- 
tively, demonstrates that the ^^K-^ peak of sample 1 may 
saturate the detector and give rise to a peak that is atyp- 
ical of tiie natural abundance of ^^K. The natural abun- 
dance of '^'K is 6.7%, whereas the observed 



abundance from sample 1 is 57%. This atypical abun- 
dance was also confirmed using electrospray ionization 
time of flight mass spectroscopy' (ESITOFMS). The 
high-resolution mass assignment of the m/z = 41 peak 
of the electrolytic sample was consistent with '*'K, and 
no peak was observed at m/z = 42.98, ruling out 
KHJ. Moreover, the natural abundance of '**K was 
observed in Uie positive TOF-SIMS spectra of KHCO3, 
KNO3, and KI standards that were obtained with an ion 
current such that the ^^K peak intensity was an order of 
magnitude higher than that given for sample 1. The sat- 
uration of the ^^K peak of the positive TOF-SIMS spec- 
trum by the electrolytic cell sample 1 is indicative of a 
unique crystalline matrix * 

The respective hydride compounds and mass as- 
signments of the negative ion TOF-SIMS of electro- 
lytic cell sample 1 appear in Table m. The spectrum 
was dominated by H with much smaller 0~ and OH" 
peaks. A series of nonhydride-containing negative ions 
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Mass [mfz] 




Mass [mtzy 



pie 1) (HC = hydrocaibon). 



jvro TK CO r miz = (99 + 138n)} was also present, 

ing ftagmcntatioii of the compound KH ^^^-^^^ 
^ph the toorganic polymeric .natenal suspended in 

bon peak at m/e = 27.03, mo >^ . 
m/e = 26.00, as shown m Rg. 6. Sample 1 was spu. 
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teied to remove hydrocaAons. TTie V^^^'<'f^t^: 
TOF-SIMS spectrum m/e = 20 to 30 of sanP^ » 
in Re TThe hydrino hydride compounds 
lT%^e - 26^3^5) and MgHJ (m/e = 
??W851S) were observed at m/e = 26.01 and mfe = 

''•"S&SIMS spectrumCm/e = 10 to20) 
0f9S*lHCO3issh0W„mRg^.The^^^^^^^ 



Rg. 9. -me negative TOf-^iw^ i^A^eak with a Wgh 
-)Ki of lamole 4 is shown Ml Rg- 10- A peaK wim « iu6» 
Sli^I^m^s that does not match any known compound 
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VNDS 




Mass [m^] 



300^ 
250- 
200^ 
150-: 
100^ 
50i 



400 



405 i 



I 421 42S 

L\[i 



<29 437 



440 



Mass [m/^J 



^59 KlXfl KHCO,\ 

453 




832 



I 



<3" 



Jtj^ff '^^'^S^'' "P"'*™" ^^^^ = '° °' P°^y^<' •"""^'•l prepared by concenbaling the K^, 



or fragment was observed at m/e = 16.125 in the case of 
sample 1 and at m/e = 16.130 in the case of sample 4. 
Each mass excess peak has the same width as the oxygen 
peak; thus, each is not a metastable peak. Each peak is 
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not due to detector ringing because no such peak with a 
high nominal mass is seen at the position of any of the 
other identifiable peaks such as hydroxyl (OH) at m/e = 
17.003, which has a greater intensity, and the peaks were 
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TABLE fl 

The Respective Hydride Compounds and Mass Assignments 



(m/z) of the Positive TOF-SIMS of Sample 1 



Hydiino Hydride Compound or Fragment 



H23 
NaH 
OH23 
KH 

NaHKH 
K2H 

K2H5 

KHKOH2 

KKHNaH 

KH2(KH)2 

KHKHCO2 

KH2KHO4 

K(K0H)2 

KH(K0H)2 

KH2(K0H)2 
K[KH KHCO3] 
KCO(ICH)3 
K2OHKHKOH 
KH2KOHKHKOH 

K30(H20)4 

K20H[KH KHCO3] 
K[H2C0,KH KHCO3] 
K30[KH KHCO3] 

[KH2C03]3 

K[KH KHCO3K2CO33 

K[KH KHCO3I2 

KH2[KHKOH]3 

KOH2[KHKHC03]2 

KH KOzEKH KHC03][KHC03] 

KKHKiCOstKH KHCOa] 
KKH[KH KHCOalz 
K20H[KHKHC03]2 
KjOHtKHKOHlatKHCOs] 
KKHjKHsEKHICHCOaJj 

KaOEKzCOaKKH KHCO3I or KtKH KOH<K2C03)2) 
K30[KH KHC03]2 
K[KH KOH(KH KHC03)2] 
KHjOKHCOjEKH KHCOjIz 

KKHKCOiEKH KHCOjla 
KCKHKHCOals 

H[KH KOH]2[K2C03]2 or KUOjHLKH KHCOsIj 
K[K2C03][KHC03]3 

K20H[KH KHC0313 
KjOlKH KHCO333 
K[KH KHC0314 
K20H[KH KHC03]4 
K30[KH KHC03]4 

K[KH KHCOj], 
KjOLKH KHC03]5 
K[KHKHC03]6 

K30[KH KHCOj]* 



Nonunal Mass 
mfe 



Observed 
mfe 



23 


23.180 


24 


23.99 


39 


39.178 


40 


39.97 


64 


63.96 


79 


78.940 


80 


79.942 


83 


S'> OA 


97 


OA. Oj1< 


103 


IUZ.7J 


121 - 


120.925 


124 


123.925 


145 


144.92 


151 


150.90 


152 


151.90 


153 


152.90 


179 


178.89 


187 


186.87 


191 


190.87 


193 


192.89 


205 


204.92 


235 


234.86 


257 


256.89 


273 


272,81 


303 


302.88 


317 


316.80 


319 


318.82 


329 


viu fin 


337 




351 


350.81 


357 


356.71 


359 


358,78 


375 


374.78- 


387 . ' 


386.75- 


405 


404.79 


411 


410.75 


413. ■ 


: 412.74 


415 


414.74 


437 - ' 


436.81 


442 


441.74 


459 


458.72 


469 


468.70 


477 


476.72 


515 


514.72 


553 


552.67 


599 


598.65 


655 


.654.65 


693 


692.60 


739 


738.65 


833 


832.50 


879 


878.50 


973 


972.50 



Calculated 
m/e 



23.179975 
23,997625 
39.174885 
39.971535 
63.96916 

78.935245 
79.94307 
82-966545 
96.945805 
102.93287 

120.92243 

123.93289 

144.930535 

150.8966 

151.904425 

152.91225 

178.8915 

186.873225 

190.868135 

192.883785 

204.92828 

234.857955 

256.8868 

272.81384 

302.89227 

316.80366 

318.81931 

328.7933 

336.82987 

350.80913 

356.775195 
358.790845 
374.785755 
386.76238 
404.80933 : 

410.72599 
412.74164 
414.75729 
436.786135 

441.744375 
458.74711. 
468.708085 
476.744655 

514.713555 

552.66944 

598.67491 

654.641355 

69239724 

738.60271 
83232504 
878.53051 
972.45284 



Difference Between 
Observed and 
Calculated m/e 



0.000 

0.008 

0.003 

0.0015 

0.009 

0.004 

0.001 

0.007 

0.0O08 

0.003 

0.0O3 
0.008 
0,010 
0.003 
0.004 

0.012 
0.001 
0-003 
0.002 
0.006 

0.008 
0.002 
0.003 
0,004 
0.012 

0.004 
0.001 
0.007 
0.020 

0.001 : 

0.005 
0.011 
0.005 
0.012 

0.019; 

0.024} 
0.002 
0.017 
0.024; 

0.004 
0.027 
0.008 
0.025 

0.006 
0.001 
0.025 
0,009 
0,003 

0.047 
0.025 
0.031 
0.047 
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TABLE m 

The Respective Hydride Compounds and Mass Assignments (m/z) of the Negative TOF-SIMS of Sample 1 



Hydrino Hydride 
Compound or 
Fragment 



Nomina] Mass 
mfe 


Observed 

Ttl/c 


\..dJLuiaica 
m/e 


Dinin^nce Between 
\JDserved and 
Calculated m/e 


16 


16.130 


16.1252 


0.005 


24 


24.181 


24,1878 


0.007 


25 


25.195 


25.195625 


0.001 


26 


26.01 


26.013275 


0.003 


LI 


27.01 


27.008515 


0.001 


35 


35.183 


35.179975 


0.003 


37 


37.185 


37.183045 


0.002 


42 


42.00 


41.987185 


0.013 


48 


48.00 


47.99525 


0.005 


49 




49.003075 


0.003 


52 


52.00 


52.00138 


0.001 


57 


56.98 


56.97427 


0.006 


65 


65.00 


64.997985 


0.002 


69 


69.00 


69.008285 


0.008 


80 


79.95 


79.94307 


0.007 


95 


94.93 


94.930155 


0 


97 


96.945 


96.945805 


0.0008 


109 


108.895 


108.897235 


0.002 


109 


108.923 


108.933225 


0.010 


116 


115.92 


115,919745 


0.000 


118 


117.95 


117.954245 


0.004 


129 


128.92 


128.92005 


0.000 



Hl6 

H24 
H25 

NaH3 
MgH3 

CH23 

NH23 

KHj 

(NaH)2 

NazHs 

Mg2H4 

KHOH 
NaHsNaO 
NaHz KH5 

(KH)2 
KHKO 
KH2KOH 
GaKH 

KHKNO 
KHsKa 
KOHNO3 
H2I 




Fig. 5. Photograph of polymeric material comprising sam- 
ple 1 suspended in distiUed water. 
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repeatable using two different detectors. Also, they can- 
not be explained as an instrument artifact since each is 
present at the earliest times of acquisition. In both sam- 
ples, the unidentifiable peak is assigned to polyhydrogen 
negative ion Hr<}, which is consistent with H"(t5 ) as the 
most stable hydrino hydride ion according to Eq. (3). The 
principal quantum number p - 16 provides 16 multi- 
poles (/=Oto/ = /i-^l) comprising the molecular or- 
bitals of H~(ife ). The agreement between the observed 
mass and the calculated mass (m/e = 16.125) is excel- 
lent. No other compound of this mass is possible. 

Otfier positive and negative TOF-SIMS peaks ob- 
served for samples 1 and 4 confirm polyhydrogen 
compounds and ions. The positive TOF-SIMS spec- 
trum (m/e = 0 to 50) of sample 4 is shown in Fig. 11. 
The positive TOF-SIMS spectrum (m/e = 20 to 30) 
of sample 1 is shown in Fig. 12. The presputtering 
negative TOF-SIMS spectrum (m/e = 20 to 30) of sam- 
ple 1 is shown in Fig. 6. The postsputtering negative 
TOF-SIMS spectrum (m/e = 30 to 40) of sample 1 is 
shown in Fig. 13. The peak assigned to OHj^(m/c = 
39.174885) is shown in Ihe^ positive TOF-SIMS spec- 
trum of sample 4 (Fig. 1 f). The experimental mass 
is 39.175, which is in excellent agreement with the 
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Rg. 6. The prcsputtering negative 



Mass[m/£l 

TOF-SIMS spectrum (m/c = 20 to 30) of sample 1. 



4000- 




Hg. 7. The postsputtering negative 



TOF-SIMS spectrum (m/e - 20 to 30) of sample 1 . 




Fig. 8. The negative 



ive TOF-SIMS spcctrmn [m/e - 10 to 20) of 99.99% KHCO3. 



calculated mass. The peak assig^^J? 
23.179975) is shown in the positive TOF-SIMS spec 
trum of sample 1 (Fig- 12). TTie «perimental ma^s is 
23.180. This peak is assigned to a fragment of a parent 
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polyhydrogen molecule coiitaimng 24 hydrogen atoms^ 
TT^e coiresiK>nding negative ion, Hj4, is shown in Fig^ 6 
with the M + 1 peak. His- These peaks are also 0^ 
I^^ed in Fig. 7. Hgures U and 14 show OH^. which 
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Fig. 9. The negative TOF-SIMS spectrum {m/e = 10 to 20) of polymeric material prepared by concentrating tbe KjCO, electro- 
lyte iTom the Thennacore electrolytic cell with a rotary evaporator and centriftjging the polymeric material (sample 1). 




Fig. 10. The = 10 to 20) of crystals isolated from the cathode of the K^CO j INEL electrolytic 




Fig. 11. The positive TOF-SIMS spectnim {m/e - 0 to 50) of sample 4. 



may be a fragment of OH24. and OH" may also be a frag- 
ment. The OH- (m/e = 17.002735) peak intensity of the 
negative spectrum of sample 4 shown in Rg. 1 0 is at least 
twice that of the control. The increased intensity is as- 

168 



signed to the fragmentation of OH24 to OH". La addition 
to substitution reactions with oxygen, the 24-atom poly- 
hydrogen molecule may react with carbon and nitrogen. 
The negative ions CH» and NI^ are shown in Fig. 13. 
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Fig. 13. The postsputtering negative TOF-SIMS spectrum (m/e = 30 to 40) of sample 1. 



Polymer compounds and ions comprising 24 hydro- 
gen atoms may form because H^^ is the last stable hy- 
dride ion of the series l/p = 1 to 1/24 given by Eq. (3). 
The most stable hydride ion that may give rise to com- 
pounds and ions containing 16 hydrogen atoms is Hie- 
Positive polyhydrogen ion peaks observed from the TOF- 
SIMS spectnim of sample 1 are given in Table D. Neg- 
ative polyhydrogen ion peaks observed from the TOF- 
SIMS spectnim of sample 1 are given in Table HI. 
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III.B. X-Ray Pholoelectron Spectroseopy 

A survey spectrum was obtained over the region E}, = 
0 to 1200 eV. The primary element peaks allowed for the 
determination of all of the elements present in each sam- 
ple isolated from the K2CO3 electrolyte. The survey spec-^ 
tnim also detected shifts in the binding energies of the 
elements, which had implications as to the identity of the 
compound containing the elements. Ahigh-resohition XPS 
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Fig, 14. The positive TOF-SIMS spectnim {mfe = 0 to 200) of crystals isolated from the cathode of the K2CO3 INEL electrolytic 
cell (sample 5). 



spectrum was also obtained of the low binding energy 
region = 0 to 100 eV) to determine the presence of 
novel XPS peaks. 

Samples 2 and 3 were purified fix>m the K2CO3 elec- 
trolyte of the Thermacore and BLP electrolytic cells, re- 
spectively. No elements are present in the survey scans 
that can be assigned to peaks in the low binding energy 
region with the exception of a small variable contami- 
nant of sodium at 64 and 31 eV, potassium at 16.2 and 
32.1 eV, and oxygen at 23 eV. Accordingly, any other peaks 
in this region must be due to novel compositions. The 
theoretical positions of hydrino hydride ion peaks H"(n = 
1/jp) forp = 2 top = 16 are identified for each of sam- 
ples 2 and 3 in Figs. 15 and 16, respectively. The O 2^, 
which is weak compared to the potassium peaks of 
K2CO3. is typically present at 23 eV but is broad or ob- 
scured in Figs. IS and 16. In addition/ the sodium peaks 



Na of sample 3 are identified in Rg. 16. The K 35 and 
K 3p, K, are shown in Rgs. 15 and 16 at 16.2 and 32.1 eV, 
respectively. Peaks centered at 22.8 and 38.8 eV, which 
do not correspond to any other primary element peaks, 
were observed. The intensity and shift match shiifted K 
3 J and K 3p. Hydrogen is the only element that does not 
have primary element peaks; thus, it is the only candi- 
date to produce the shifted peaks, These peaks may be 
shifted by a novel hydride ion with a higji binding en- 
ergy of 22.8 eV that bonds to potassium K 3p and shifts 
the peak to this energy. In this case, the K 3^ is similarly 
shifted. The XPS peaks centered at 22.8 and 38.8 eV are 
assigned to shifted K 3jf and K 3p. The anion does not 
correspond to any other primary element peaks; thus, it 
may correspond to the H~(n = \)Eb - 22.8 eV hydride 
ion predicted by Mills,^ where is the predicted bind- 
ing energy. These peaks were not present in the case of 
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the XPS of matching samples isolated from an identical 
electrolytic cell except that NazCOs replaced K2CO3 as 
the electrolyte. , . 

XPS further confirmed theTOF-SIMS data by show- 
ing shifts of the primary elements. The spUtting of the 
principal peaks of the survey XPS spectrum of samples 2 
and 3 indicadve of multiple forms of bonding mvolvmg 
the atom of each split peak appear in Table IV. The ^- 
lected survey spectra with the correspondmg figures ot 
the high-resolution spectra of the low binding energy re- 
gion ^e given as (#/#). The latter contain hydrino hy- 
dride ion peaks. And, several of the shifts of the peaks of 
elements given in Table IV and shown in the survey spec- 
tra are greater than those of known compounds. 
ample, the XPS survey spectrum of sample 3, which 
appears in Fig. 17, shows extraordinary potassium and 
oxygen peak shifts. All of the potassium primaiy pe^s 
are shifted to about the same extent as that of the K 5s 
and K 3p. In addition, extraordinary O Is peaks ol 
the electrolytic cell sample were observed at 537.5 and 
547 8 eV whereas a single O I5 was observed in the AJ^^ 
spectrum of K2CO3 at 532.0 eV. The results ^e not due 
to uniform charging as the internal standard C U re- 
mains the same at 284.6 eV. Also, the results are not due 
to differential charging because the peak shapes of c^- 
bon and oxygen are normal, and no tailing of these peaks 
was observed. The range of binding energies from the 
literature^ for the peaks of interest is given m the final 



row of Table IV. The peaks shifted to an extent Aat they 
are without identifying assignment correspond to Mid 
identify compounds containing hydrino hy^de 10ns. hor 
exam^e, theV>sitive and negative TOF-SmS specfra of 
sample 3 were similar to that of sample 1 (Tables n and 
m). The spectrum contained inorganic hydnde clusters 

{K[KH KHCO3]: m/e = (39 + 140n) . 

K20H[KH KHCO3]: m/e = (95 + 140n) , 



arid 



K30[KH KHCO3]; m/e = (133 + 140n)) 



observed in the positive TOF-SIMS spectrum of sam- 
ple 1. In addition, the positive TOF-SIMS sp^tra of sam- 
ple 3 showed large peaks, which were identified as 
KHKOH and KHKOH2, as shown in Fig. 1 8. The ex- 
traordinary shifts of the K 3/1, K 35, K 2p3. K 2i>, , and K 
2s XPS peaks and the O Is XPS peak shown m Fig. 17 
are assigned to novel hydride compounds. TOF-SIMS and 
XPS taken together provide substantial support ot hy- 
drino hydride compounds as assigned herein. 

The 0- to 60-eV binding energy region of a hi^ 
resolution XPS spectrum of crystals isolated from tfie 
INEL electrolytic cell (sample 4) with the primary ele- 
mcnt peaks identified appears in Fig. 19. No elements 
were present in the survey scan that can be assigned to 



TABLE IV 



The Binding 1 



XPS# 



K2C03 

2 



nG# 



15 



17 
16 



19 



20 
21 



Minimum 
Maximum 



C U 
(cV) 



284.6 
288.4 

284.6 
288.8 

284.6 
288.5 

284.6 
288.2 



284.6 
285.7 
287.4 
288.7 

280.5 
293 



N Is 
(eV) 



-390 
Veiy broad 

393.6 



403-2 
407.4 



403.2 
407.0 



398 
407.5 



Ol5 

(eV) 



532.0 

530.7 
537.3 
547.5 

530.9 
537.5 
547.8 

530.3 
532.2 
540.6 
545.2 

532.1 
535.7 
563.8 

529 
535 



Nal5 
(eV) 


K3p 
(eV) 


K3j 
(cV) 


K2p3 
(eV) 


K2pi 
(eV) 


K2j 
(eV) 




18 


34 


292.4 


295.2 


376.7 


1070.0 


16.2 
22.8 


32.1 
38.8 


291.5 
298.5 


293.7 
300.4 


376.6 
382.6 


1070.0 


16.2 
22.8 


32.1 
38.8 


291.5 
298.5 


293.7 
300.4 


376.6 
382.6 


1070.8 


16.8 


32.7 


295.3 


292.6 


377.5 


1070.9 
1077.5 












1070.4 
1072.8 






292 
293.2 
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peaks m the low binding energy region with the excep- 
tion of sodium at 64 and 31 eV, potassium at 16.8 and 
32.7 eV, and oxygen at 23 eV. Accordingly, any otberpeaks 
in this region must be due to novel compositions. The 
theoreQcal positions of hydrino hydride ion peaks H" (|) 
to H ( It ), as well as the weak oxygen peak. O ^ eV 
sodium peaks, Na 31 eV and Na 64 eV, and the potas* 
sium peaks^ K 3p and K 3 are identified for sample4 in 
Mg. 19. The hydrino hydride peak H-(|) 16.7 eV is 
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under the K 3p peak. The hydrino hydride peak H~(|) 
29.3 eV is under the Na 31 eV peak. These hydrino hy- 
dnde ion features were not present in the case of the XPS 
of matching samples except that NajCOa replaced K2CO3 
as the electrolyte. The XPS data confirm the TOF-SIMS 
data of increased binding energy hydrogen compounds. 

The survey scan ofsample 5 is shown in Rg. 20 with 
the primary elements identified. No elements are present 
in the survey scan that can be assigned to peaks in the 
low binding energy region, with the exception of sodium 
at 64 and 31 eV and oxygen at 23 eV. Accordingly, any 
other peaks in this region must be due to novel compo- 
sitions. The theoretical positions of hydrino hydride ion 
peaks H (n = 1/p) forp = 2 top = 16 and the oxygen 
peak O and sodium peaks Na are identified for sample 5 
in Rg. 21. These peaks were not present in the case of 
the XPS of matching samples except that NajCO, re- 
placed K2CO3 as the electrolyte. 

The data provide the identification 6f hydrino hy- 
dride ions whose XPS peaks cannot be assigned to 
impunties. Several of the peaks are spUt, such as the 
" " = ^ = = i)^ H-(n = U and 

H (1 = n) peaks shown in Fig. 21. The splitting 
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indicates that several compounds comprising the same 
hydrino hydride ion are present and that they may have 
different chemica] environments. 

The intensities of the corresponding peaks of the 
positive Mid negative TOF-SIMS were consistent with 
the majority compound and fragments comprising frag- 
ments of NaNOz > NaNOa and sodium hydrides. For 
example. NaH (m/c = 23.997625) and NaHa imfe = 
26.013275) were observed in the positive and negative 
TOF-SIMS, respectively, at (m/e = 23.99) and (m/e = 
26.01). The observation by TOF-SIMS that the majority 
compound and iragments contain NaN02 > NaNOj is 
further confirmed by the presence of nitrite and nitrate 
nitrogen in the XPS spectrum (XPS sample 5 summa- 
rized in Table IV). The XPS Na Is peak and the inten- 
sities of the N U peaks as nitrite (403.2 eV) greater 
than nitrate (407.4 eV) confirm the majority species as 
NaN02>NaN93. 

Sample 5 was filtered from an initially 0.57 M K2CO3 
electrolyte. The solubility of NaOH is 42^.g/100 cm^ 
(1 0.5 M), The solubility of NaNOi is 83 .5 • g/1 00 cm^ 
(11.8 Af), and the solubility of NaNOj is 92.1""^. g/ 
^^^^ (^0-8 whereas the solubility of K2CO3 is 
in-^^g/lOQcm' (8.1 M) and the solubility of KHCO3 



is 22.4«''^-.g/100cm3 {2.2M) (Ref. 8).Thus.NaN02 
and NaNOs as the filtered precipitate is unexpected. The 
solubility. TOF-SIMS, and XPS results support the as- 
signment of sodium nitrite and nitrate hydrino hydride com- 
pounds that are less soluble than KHCO3. General 
structures for these compounds are given by substitution 
of sodium for potassium in the structures given in Eq. (10). 

in.C. X-Ray Diffraction 

The X-ray difiraction (XRD) pattern of sample 2 is 
shown in Fig. 22. The XRD data indicated that the dif- 
fraction pattern of sample 2 does not match that of either 
KH. KHCO3. K2CO3. or KOH. The identifiable peaks 
corresponded to a mixture of K4H2(C03)3 • 1 .5 H2O and 
K2C03- 1.5 H2O. In addition, the spectrum contained a 
number of peaks that could not be assigned. The 2-tbeta 
and rf-spacings of the unidentified XRD peaks of sam- 
ple 2 are given in Table V. 

In addition, the elemental analysis of the crystals was 
obtained at Galbraith Laboratories. The atomic hydro- 
gen percentage was in excess even if the compound were 
considered 100% K4H2 (€03)3. 1.5 H2O. which would 
have the most hydrogen. 
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F.g. 22. TT>e XRD pa«en. of polyn«ric material p^pared by concen.ra.ing &e K.CO, eIecUoly.e from *e TTiennacore elecW>- 
lytic cell until a precipitate just foimed (sample 2). 



TABLE V 

The 2-Theta and J-Spacings of the Unidentified XRD Peaks 
of the Crystals from K2CO3 Electrolytic Cell (Sampled) 



Peak Number 



2 

4 

8 
12 
15 

31 
33 
36 
40 
42 

46 
47 
52 
54 
56 

57 
58 
60 
63 
65 
66 



2-Theta 
(deg) 



12.15 
12.91 
24.31 
28.46 
30.20 

39.34 
40.63 
43.10 
45.57 
46.40 

47.59 
47.86 
50.85 
51.75 
52.65 

53.81 
54,46 
56.49 
58.88 
60.93 
63.04 



d 

(A) 



7.2876 
6.8574 
3.6614 
3.1362 
2.9594 

2.2906 
2.2206 
2,0991 
1.9905 
1.9570 

1.9141 
1.9006 
1.7958 
1.7665 
1.7386 

1.7037 
1.6850 
1.6292 
1.5685 
1J207 
1.4747 



III.D. Fourier Transform Infrared Spectroscopy 

The FTIR spectra of K2CO3 (99%) and KHCO3 
(99.99%) were compared with that of sample 2. A spec- 
tnmj of a mixture of the bicarbonate and the caibonale 
was produced by digitally adding the two reference spec- 
tra. The two standards alone and the mixed standards were 
compared with that of sample 2. From the comparison, it 
was determined that sample 2 contained potassimn car- 
bonate but did not contain potassium bicarbonate. The 
unknown component could be a bicarbonate other than 
potassium bicarbonate. The spectrum of potassium car- 
bonate was digitally subtracted from the spectrum of sam^ 
pie 2. The subtracted spectrum appears in Fig. 23. Several 
bands were observed including bands in the 1400- to 
1600-cm-' region. Some organic nitrogen compounds 
(e g acrylamides and pyrolidinones) have strong bands 
in the region 1660 cm'^ (Ref. 9). However, the lack of 
any detectable C-H bands («2800 to 3000 cm ^) and 
the bands present in the 700- to 1 100-cm ' region mdi- 
cate an inorganic material.*** Peaks that are not assign- 
able to potassium carbonate were observed at 3294. 3077. 
2883. 1100. 2450. 1660.,1500. 1456, 1423. 1300, 1154. 
1023' 846. 761. and6 69'cm"'. 

The overlap FTTR spectrum of sample 2 and the FTK 
spectrum of the reference potassium carbonate appear in 
Fig. 24. In the 700- to 2500-cm-* region, the peaks of 
electrolytic cell sample 2 closely resemble those of 
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potassium carbonate, but they are shifted —50 cni~* to 
lower frequencies. The shifts are similar to those ob- 
served by replacing potassium (K2CO3 ) with rubidium 
(Rb2C03). as demonstrated by comparing their infrared 
spectra. * The shifted peaks may be explained by a poly- 
meric structure for the compound-KH KHCO3 identified 
by TOF-SIMS, XPS, and NMR. 

III.E. Raman 

The Raman spectrum of sample 3 appears in Fig. 25. 
In addition to the known peaks of KHCO3 and a small 
peak assignable to K2CO3, unidentified peaks at 1685 
and 835 cna * are present. The unidentified Raman peak 
at 1 685 cm ^ is in the region of the N-H bonds. The FTIR 
spectrum of sample 2 also contains unidentified bands in 
the 1400- to I600-cm ' region. Samples 3 and 2 do not 
contain N-H bonds by XPS studies. The N Is XPS peak 
of the former is at 393.6 eX and the N 1 j XPS peak of 
the latter is a very broad peak at -390 eV, whereas the N 
Is XPS peak of compounds containing a N-H bond is 
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seen at -399 eV, and the lowest energy N Is XPS peak 
for any known compound is —398 eV. 

The 835-cm" * peak of Raman sample 2 is in the re- 
gion of the bridged and termina] metal-hydrogen bonds. 
The novel peaks without the identifying assignment cor- 
respond to and identify hydrino hydride compounds. 

III.F. Nuclear Magnetic Resonance 

The signal intensities of the 'H MAS NMR spectrum 
of the K2CO3 reference were relatively low. It contained a 
water peak at 1.208 ppm, a peak at 5.604 ppm, and veiy 
broad weak peaks at 13.2 and 16.3 ppm. The^HMAS NMR 
spectrum of the KHCO3 reference contained a large peak 
at 4.745 with a small shoulder at 5. 1 50 ppm, a broad peak 
at 13.203 ppm. and small peak at 1.2 ppm. 

The MAS NMR spectrum of electrolytic cell 
sample 2 is shown in Fjg. 26. The peak assignments 
are given in Table VL The reproducible peaks as- 
signed to KH KHCO3 in Table VI were not present in 
the controls except for the peak assigned to water at 
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Fig.25. TheRamanspectrumofpolymericmaterialpreparedbyconcentn.tingtheK^^^^ 
trolytic cell until a precipitate just formed (sample 2). 
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+5.066 ppm. The novel peaks could hot be assigned to 
hydrocarbons. Hydrocarbons were not present in the elec- 
trolytic cell sample 2 based on the TOF-SIMS spectrum 
and FITR spectra. The novel peaks without identilying 
assignment are consistent with KH KHCO3. The NMR 
peaks of the hydride ion of control potassium hydride 
were observed at 1.192 and 0.782 ppm relative to Tetra 
Methyl Silane (TMS). The upfield peaks of Fig, 26 are 
assigned to novel hydride ion (KH-) present in different 
environments. The downfield peaks are assigned to the 
proton of the potassium hydrogen carbonate species in 
different chemical environments (-KHCO3). 



IV. DISCUSSION 

Alkali and alkaline earth hydrides react violently with 
water to release hydrogen gas, which subsequently ig- 
nites because of the exothermic reaction with water. Typ- 
ically, metal hydrides decompose upon heating at a 
temperature well below the melting point of the parent 
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metal. These saline hydrides, so called because of their 
saltlike or ionic character, are the monohydiides of the 
alkali metals and the dihydrides of the alkaline-earth met- 
als, with the exception of beryllium. BeHj appears to be 
a hydride with bridge-type bonding rather than an ionic 
hydride. Highly polymerized molecules held together by 
hydrogen-bridge bonding are exhibited by boron hy- 
drides and aluminum hydride. Based on the knovin struc- 
tures of these hydrides, the TOF-SIMS hydride clusters 
such as K[KH KHCOslJ, the XPS peaks observed at 
22.8 and 38.8 eV, the upfi eld NM R peaks assigned to hy- 
dride ion, and the shifted FTIR peaks, the present novel 
hydride compound may be a polymer, [KH KHCOs],, 
with a structural formula that is similar to boron and alu- 
minum hydrides. The reported novel compound ap- 
peared polymeric in the concentrated electrolytic solution 
and in distilled water. Whereas potassium hydride reacts 
violently with water, [KH KHCOjl^ is extraordinarily 
stable in water. 

As an example of the structures of this compound 
the K[KH KHCO3]; m/z - (39 + UOn) series of frag- 
ment peaks IS tentatively assigned to novel hydride 
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TABLE VI 


The NMR Peaks of Sample 2 with TTieir Assignments 


Peak at Shift 
(ppm) 


Assignment 


+34.54 
+22.27 
+ 17.163 
+ 10.91 
+8.456 


Side band of +17.163 peak 
Side band of +5.066 peak 
KHKHCO3 
KHKHCO3 
KH KHCO3 


+7^0 

+5.066 

+ 1.830 

-0.59 

-12.05 

-15.45 


KHKHCO3 
H2O 

KHKHCO3 

Sideband of +17.163 peak 
KH KHC03* 
KHKHCO3 



side band of the + 5.066 peak. 

bridged or linear potassium ^i^^^^"^!f„^p^^ 
having a general formula such as [KHKHC03j„ n 
1,2,3 ... - General structural formulas may be 



and 



\ / 
H" 



K*— H — K*— HCOl -- 



NO3 



^ K*— H- — K*— HCO5 -j- • 

Liquid chromalography/ESITOFMS studies are in 
progress to support the polymer assipmiMit 
^ TTie obsecration of inorganic hydnde fragments such 
as KFKH KHCO3I* in the positive TOF-SIMS specto 
of salSles^olated from the electrolyte following acid- 
ification indicates the stability of the "ovelpotassium hy- 
dride potassium bicarbonate compound.' TTie electrolyte 
was addified with HNO3 to pH = 2 -^b"™ fflS 
ness to prepare samples to determme wbethar KH imcOj 
was reactive under these conditions. Ordmanly, no K£(^ 
would be present, and the sample would ^^^"^ 
KNO, Crystalswereisolatedbydissolvmgthedn«>ciys- 
tals in water. concentraUng the ^olutio^ and allowutg 
crystals to piecipitate-TOF-SIMS was p«f«med on the^ 

crystals. The positive spectrum 
series of inorganic hydride clusters 
^7/1 + /40n). KPH[KH KHCO3 K m/z = (« + 
Tion). and K30[KH KHCO,]: m/z = .("^ + l'^^>^ 
which were observed in the posiUve TOF-S™S 
spectrum of electrolytic cell sample 1 as ^^^^ 
Sec ID A and given in Figs. 3 and 4 and Table 1. T*e 
pr^selrceofbicSbona.ecarbon(Cl.-289^)«^J^ 
served in the XPS of the sample from the HNO3 aci(h- 
fied electrolyte. In addition, fragments of com^™?» 
formed by the displacement of hydrogen cabonaie hy 
ntate wXe observed.' A general structural formula for 
_ the reaction may be 



_|. K*— H- — K*— NO, ^ 



(10) 



\ H- / 



+ «HCO; 



disVlacement reaction of NO3 for HCOr , as given by Eq. (10). 
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V. CONCLUSION 



The TOF-SIMS, XPS, and NMR results confirm the 
idenufication of KH KHCO^ with a new state of hydride 
ion. The chemical stnicture and properties of this com- 
pound having a hydride ion with a high binding energy 
as well as the observation of additional high binding 
energy hydride ions by XPS are indicative of a new field 
of hydride chemistry. Novel hydride ions may combine 
with other cations such as other alkali cations and alka- 
line earth, rare earth, and transition element cations. Thou- 
sands of novel compounds may be synthesized with 
extraordinary properties relative to the corresponding 
compounds having ordinary hydride ions if they exist 
These novel compounds may have a breadth of applica- 
tions. For example, according to Uie hydride binding en- 
ergies observed as high as 70 eV by XPS, a high-voltage 
battery having projected specifications that surpass those 
of the internal combustion engine may be possible 

The TOF-SIMS, XPS, XRD, FUR, Raman, and NfMR 
results confirm the identification of hydrogen in new 
slates: hydride ions of increased binding energy, inor- 
ganic hydrogen polymers, and hydrogen polymers.Vori: 
in progress demonstrates that bulk, pure compounds com- 
pnsing new states of hydrogen may be formed by reac- 
tion of a gaseous catalyst with atomic hydrogen In 
addition to TOF-SIMS, inorganic hydrogen compounds, 
alkah and alkaline earUi hydrides, and polyhydrogen 
species were observed by ESITOFMS, solids-probe- 
magnetic-sector-mass spectroscopy, and solids-probe- 
quadrupole mass spectroscopy. Novel inorganic hydrogen 
compounds were also identified by liquid chroma- 
tography/mass spectroscopy. The chemical structures and 
properties of compounds comprising these new states of 
hydrogen are indicative of a new field of hydrogen 
chemistry. 

Novel hydride and novel hydrogen chemistry also rep- 
resents a new energy source. The exothermic reactions 
Eqs. (6), (7), (8), and (2), and the enthalpy of foimation of' 
KH KHCO3 could explain the observation of excess en- 
thalpy of 1 .6 X 1 0' J that exceeded the total input enthalpy 
given by the product of the electrolysis voltage and cur- 
rent over time by a factor >8 reported previously ^ Since ' 
the author's original publication of the possibility of pro- 
ducing atomic hydrogen energy states below the 13.6-eV 
level with the release of heat followed by a report of lower 
energy molecular hydrogen,^-^^ other researchers have con- 
sidered the possibility of sub- 1 3.6-eV-state hydrogen. 
The author's prediction and confirmation of novel hy- 
dride ions whereby the corresponding novel hydride com- 
pounds can be reproducibly made in bulk may lead to an 
explosion of development in this field. 
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the MAS NMR spectrum of potassium hydride. Special thanks 
to R. Braun, B. Dhandapani, and J. He for helpfiij comments 
upon review. 
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Abstract 

Several myths about quantum mechanics exist due to a loss of awareness of its details since its inception in the beginning of 
the last century or based on recent experimental evidence. It is taught in textbooks that atomic hydrogen cannot go below the 
ground state. Atomic hydrogen having an experimental ground state of 13.6 eV can only exist in a vacuum or in isolation, and 
atomic hydrogen cannot go below this ground state in isolation. However, there is no known composition of matter containing 
hydrogen in the ground state of 13.6 eV. It is a myth that hydrogen has a theoretical ground state based on first principles. 
Historically, there were many directions in which to proceed to solve a wave equation for hydrogen. The Schrodinger equation 
gives the observed spontaneously radiative states and the nonradiative energy level of atomic hydrogen. On this basis alone, 
it is justified despite its inconsistency with physical laws as well as with many experiments. A solution compatible with first 
principles and having first principles as the basis of quantization was never foimd. Scattering results required the solution to 
be interpreted as probability waves that give rise to the uncertainty principle which in turn forms the basis of the wave particle 
duality. The correspondence principal predicts that quantum predictions must approach classical predictions on a large scale. 
However, recent data has shown that the Heisenberg uncertainty principle as the basis of the wave particle duality and the 
correspondence principle taught in textbooks are experimentally incorrect. Recently, a reconsideration of the postulates of 
quantum mechanics, has given rise to a closed form solution of a Schrodinger-like wave equation based on first principles. 
Hydrogen at predicted lower energy levels has been identified in the extreme ultraviolet emission spectrum from interstellar 
medium. In addition, new compositions of matter containing hydrogen at predicted lower energy levels have recently been 
observed in the laboratory, which energy levels are achieved using the novel catalysts. © 2000 International Association for 
Hydrogen Energy. Published by Elsevier Science Ltd. All rights reserved. 



1. Introduction 

J.J. Balmer showed, in 1 885, that the fi-equencies for some 
of the lines observed in the emission spectrum of atomic 
hydrogen could be expressed with a completely empirical 
relationship. This approach was later extended by J.R. Ryd- 
berg, who showed that all of the spectral lines of atomic 
hydrogen were given by the equation 

where R = 109,677 cm"', rtf = l,2,3,...,ni = 2.3,4 

and n\ > nr. Niels Bohr, in 1913, developed a theory for 
atomic hydrogen based on an unprecedented postulate of 
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stable circular orbits that do not radiate. Although no ex- 
planation was offered for the existence of stability for these 
orbits, the results gave energy levels in agreement with Ry- 
dberg's equation 

jr„ 13.598 eV _ 

n=I,2.3 (3) 

where oh is the Bohr radius for the hydrogen atom (52.947 
pm), e is the magnitude of the charge of the electron, and so 
is the vacuum permittivity. Bohr*s theory was a straightfor- 
ward application of Newton's laws of motion and Coulomb's 
law of electric force — both pillars of classical physics and 
is in accord with the experimental observation that atoms 
are stable. However, it is not in accord with electromag- 
netic theory — another pillar of classical physics which 
predicts that accelerated charges radiate energy in the form 
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of electromagnetic waves. An electron pursuing a curved 
path is accelerated and therefore should continuously lose 
energy, spiraling into the nucleus in a fraction of a sec- 
ond. The predictions of electromagnetic theory have al- 
ways agreed with experiment, yet atoms do not collapse. 
To the early 20th century theoreticians, this contradiction 
could mean only one thing: The laws of physics that are 
valid in the macroworld do not hold true in the microworld 
of the atom. In 1923, de Broglie suggested that the mo- 
tion of an electron has a wave aspect — X = h/p. This 
concept seemed unlikely according to the familiar prop- 
erties of electrons such as charge, mass and adherence to 
the laws of particle mechanics. But, the wave nature of 
the electron was confirmed by Davisson and Germer in 
1927 by observing diffraction effects when electrons were 
reflected from metals. Schrodinger reasoned that if elec- 
trons have wave properties, there must be a wave equa- 
tion that governs their motion. And in 1926, he proposed 
the Schrodinger equation, //* = f^f, where * is the wave 
function, H is the wave operator, and £ is the energy of 
the wave. This equation, and its associated postulates, is 
now the basis of quantum mechanics, and it is the basis 
for the world view that the atomic realm including the elec- 
tron and photon cannot be described in terms of "pure" 
wave and "pure" particle but in terms of a wave-particle 
duality. The wave-particle duality based on the fundamen- 
tal principle that physics on an atomic scale is very different 
from physics on a macroscopic scale is central to present 
day atomic theory [1]. 



2. Development of atomic theory 

2.1. Bohr theory 

In 1911, Rutherford proposed a planetary model for the 
atom where the electrons revolved about the nucleus (which 
contained the protons) in various orbits to explain the 
spectral lines of atomic hydrogen. There was, however, a 
fundamental conflict with this model and the prevailing 
classical physics. According to classical electromagnetic 
theory, an accelerated particle radiates energy (as electro- 
magnetic waves). Thus, an electron in a Rutherford orbit, 
circulating at constant speed but with a continually chang- 
ing direction of its velocity vector is being accelerated; thus, 
the electron should constantly lose energy by radiating and 
spiral into the nucleus. 

An explanation was provided by Bohr in 1913, when he 
assumed that the energy levels were quantized and the elec- 
tron was constrained to move in only one of a number of 
allowed states. Niels Bohr's theory for atomic hydrogen was 
based on an unprecedented postulate of stable circular orbits 
that do not radiate. Although no explanation was offered for 
the existence of stability for these orbits, the results gave 
energy levels in agreement with Rydberg's equation, Bohr's 
theory was a straightforward application of Newton's laws 



of motion and Coulomb's law of electric force. According to 
Bohr's model, the point particle electron was held to a circu- 
lar orbit about the relatively massive point particle nucleus 
by the balance between the coulombic force of attraction 
between the proton and the electron and centrifiigal force of 
the electron. 



(4) 



Bohr postulated the existence of stable orbits in defiance 
of classical physics (Maxwell's equations), but he ap- 
plied classical physics according to Eq. (4). Then Bohr 
realized that the energy formula (Eqs. (2) and (3)) was 
given by postulating nonradiative states with angular 
momentum 



L2=mcvr — nh, «= 1,2,3. 



(5) 



and by solving the energy equation classically. The Bohr 
radius is given by substituting the solution of Eq. (5) for v 
into Eq. (4). 



(6) 



— — -n ao, n = l,2,3... . 

The total energy is the sum of the potential energy and 
the kinetic energy. In the present case of an inverse 
squared central field, the total energy (which is the nega- 
tive of the binding energy) is one-half the potential energy 
[2]. The potential energy, <^(r), is given by Poisson's 
equation 



(7) 



For a point charge at a distance r from the nucleus the 
potential is 



(8) 



(9) 



Thus, the total energy is given by 

where 2=1. Substitution of Eq. (6) into Eq. (9) with the 
replacement of the electron mass by the reduced electron 
mass gives Eqs. (2) and (3). 

Bohr's model was in agreement with the observed hydro- 
gen spectrum, but it failed with the helium spectrum, and 
it could not account for chemical bonds in molecules. The 
prevailing wisdom was that the Bohr model failed because 
it was based on the application of Newtonian mechanics 
for discrete particles. Its limited applicability was attributed 
to the unwarranted assumption that the energy levels are 
quantized. 



f t 



HL. Mills /InternationalJournal of Hydrogen Energy 25 (2000) 1171-1183 



Bohr's theory may also be analyzed according to the cor- 
responding energy equation. Newton's differential equations 
of motion in the case of the central field such as a gravita- 
tional or electrostatic field are 



m{r-re ) = f{r). 



m(2r0 + r0) = O, 



(10) 



where /(r) is the central force. The second or transverse 
equation, Eq. ( 11 ), gives the result that the angular momen- 
tum is constant. 



r^d= constant = Lfm^ 



(12) 



where L is the angular momentum. The central force equa- 
tions can be transfonned into an orbital equation by the sub- 
stitution, M = 1/r. The differential equation of the orbit of a 
particle moving under a central force is 



Because the angular momentum is constant, motion in only 
one plane need be considered; thus, the orbital equation is 
given in polar coordinates. The solution of Eq. (13) for an 
inverse square force 



/('') = 



1 + CCOS0' 



(14) 



(15) 



(16) 



(17) 



where e is the eccentricity and ^ is a constant. The equation 
of motion due to a central force can also be expressed in 
terms of the energies of the orbit. The square of the speed 
in polar coordinates is 



(18) 



Since a central force is conservative, the total energy, E, is 
equal to the sum of the kinetic, y, and the potential, V, and 
is constant. The total energy is 



-m(r -i-re ) -f K(r) = £■ = constant. 



(19) 



Substitution of the variable u = l/r and Eq. (12) into 
Eq. (19) gives the orbital energy equation 



Because the potential energy function V{r) for an inverse 
square force field is 



the energy equation of the orbit (Eq. (20)), is 



which has the solution 
m{L^ln?)k- 



1 -I- [1 + 2£'m(L2/m2)it-2]i/2 cos 0' 
where the eccentricity, e is 

il/2 



l-t-2£m— Ar-M 



(21) 



(22) 



(23) 



(24) 



(25) 



Eq. (25) permits the classification of the orbits according to 
the total energy, as follows: 

£■ < 0, e < 1, ellipse, 

£" < 0, « = 0, circle (special case of ellipse), 

E = 0, e = 1, parabolic orbit, 

E > 0, € > 1, hyperbolic orbit. (26) 

Since £ = T + K and is constant, the closed orbits are those 
for which T < \ V], and the open orbits are those for which 
T ^ I K|. It can be shown that the time average of the 
kinetic energy, (r), for elliptic motion in an inverse square 
field is 1/2 that of the time average of the potential energy, 
{V).{T) = \I2{V). 

Bohr's solution is trivial in that he specified a circular 
bound orbit which determined that the eccentricity was zero, 
and he specified the angular momentum as a integer multiple 
of Planck's constant bar. Eq. (25) in CGS units becomes 



2n2ft2 2nW 



2.2. Schrddinger theory of the hydrogen atom 



(27) 



In 1923, de Broglie suggested that the motion of an 
electron has a wave aspect — X — hlp.J\i\s was confirmed 
by Davisson and Germer in 1927 by observing diffraction 
effects when electrons were reflected firom metals. 
Schrddinger reasoned that if electrons have wave prop- 
erties, there must be a wave equation that governs their 
motion. And, in 1926, he proposed the time-independent 
Schrddinger equation 



(28) 
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where ^ is the wave function, H is the wave operator, and 
E is the energy of the wave. To give the sought three quan- 
tum numbers, the Schrodinger equation solutions are three 
dimensional in space and four dimensional in spacetirae 



(29) 



where ^{r, 9, <j>, t) according to quantum theory is the 
probability density function of the electron as described 
below. When the time harmonic function is eliminated [3] 

h'\ \ 5 ( ^b^\ . 1 h A- 



1 



+ V{r)^{r, 0, <i>) = £*(r, 9, 4>l 



where the potential energy K(r) in COS units is 



K(r) = 



(30) 



(31) 



The Schrodinger equation (Eq. (30)) can be transformed into 
a sum comprising a part that depends only on the radius and a 
part that is a function of angle only obtained by separation of 
variables and linear superposition in spherical coordinates. 
The general form of the solutions for ^(r, 0, 0) are 



(32) 



where / and m are separation constants. The azimuthal {9) 
part of Eq. (30) is the generalized Legendre equation which 
is derived from the Laplace equation by Jackson (Eq. (3.9) 
of Jackson [4]). The solutions for the full angular part of 
Eq. (30), Yim{d,<l>), are the spherical hannonics 



By substitution of the eigenvalues corresponding to the 
angular part [5], the Schrodinger equation becomes the 
radial equation, ^(r), given by 



The time-independent Schrodinger equation is similar to 
Eq. (20) except that the solution is for the distribution of 
a spatial wavefvmction in three dimensions rather than the 
dynamical motion of a point particle of mass m along a 
one-dimensional trajectory. Electron motion is implicit in 
the Schrodinger equation. For wave propagation in three 
dimensions, the full time-dependent Schrodinger equa- 
tion is required, whereas the classical case contains time 



derivatives. The kinetic energy of rotation is K^t is given 
classically by 

= {mr-'mK (35) 

where m is the mass of the electron. In the time-independent 
Schrodinger equation, the kinetic energy of rotation Xrot is 
given by 



^rot — 



2mr^ 



where 



(36) 



(37) 



is the magnitude of the electron angular momentum L for 
the state YM<}>). 

In the case of the ground state of hydrogen, the 
Schrodinger equation solution is trivial for an implicit cir- 
cular bound orbit which determines that the eccentricity is 
zero, and with the specification that the electron angular 
momentum is Planck's constant bar. With = e^, Eq. (25) 
in CGS units becomes 

^~ 2 ^2 2ao' 



(38) 



which corresponds to n = 1 in Eq. (27). Many problems in 
classical physics give three quantum numbers when three 
spatial dimensions are considered. In order to obtain three 
quantum numbers, the Schrodinger equation requires that 
the solution is for the distribution of a spatial waveftinction 
in three dimensions with implicit motion rather than a one 
dimensional trajectory of a point particle as shown below. 
However, this approach gives rise to predictions about the 
angular momentum and angular energy which are not con- 
sistent with experimental observations as well as a host of 
other problems which are summarized in Section 10. 
The radial equation may be written as 



(39) 



Let U(r) — rR{r% then the radial equation reduces to 



where 



(34) ilf^~UUr)YU9,(l>y 



(41) 



Substitution of the potential energy given by Eq. (31) into 
Eq. (40) gives for sufficiently large r 

(42) 



t/:-(^yc/=o 

provided we define 

/ay _ —ImE 
\2) ~ h} ' 



(43) 



t 
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where oc is the eigenvalue of the eigenfiinction solution of the 
Schrodinger equation given infra having units of reciprocal 
length and E is the energy levels of the hydrogen atom. To 
arrive at the solution which represents the electron, a suitable 
boundary condition must be imposed. Schrodinger postu- 
lated a boundary condition: * 0 as r — ^ od, which leads 
to a purely mathematical model of the electron. This equa- 
tion is not based on first principles, has no validity as such, 
and should not be represented as so. The right-hand side of 
Eq. (43) must be postulated in order that the Rydberg equa- 
tion is obtained as shown below. The postulate is implicit 
since Eq. (43) arises from the Schrodinger equation which 
is postulated. It could be defined arbitrarily, but is justified 
because it gives the Rydberg formula. That Schrodinger 
guessed the accepted approach is not surprising since many 
approaches were contemplated at this time [6], and since 
none of these approaches were superior, Schrodinger' s 
approach prevailed. 

The solution of Eq. (42) that is consistent with the bound- 
ary condition is 

^/oo=c,e(^='>^-Hc2e-^^^ (44) 

In the case that a is real, the energy of the particle is negative. 
In this case Uoo will not have an integrable square if ci fails 
to vanish wherein the radial integral has the form 



(45) 



It is shown below that the solution of the Schrodinger cor- 
responds to the case wherein ci fails to vanish. Thus, the 
solutions with sufficiently large r are infinite. The same prob- 
lem arises in the case of a free electron that is ionized from 
hydrogen. If a is imaginary, which means that E is positive, 
Eq. (42) is the equation of a linear harmonic oscillator [7]. 
Uoo shows sinusoidal behavior; thus, the wavefimction for 
the free electron cannot be normalized and is infinite. In ad- 
dition, the angular momentum of the free electron is infinite 
since it is given by ^{^ + \ )h^ (Eq. (37)) where ^ -* oo. 
In order to solve the bound electron states, let 



E==-W 



(46) 



so that W is positive. In Eq. (39), let r = jc/a where a is 
given by Eq. (43) 

,^^2^+f^-i-M±i)];, = 0. (47) 

dx2 dx [ ?i2a 4 jc J 

Eq. (47) is the differential equation for associated Laguerre 
fiinctions given in general form by 



(48) 



which has a solution possessing an integrable square of the 
form 



(49) 



provided that n* and k are positive integers. However, n* 
does not have to be an integer, it may be any arbitrary 
constant ^. Then the corresponding solution is {8] 



(50) 



In the case that n* is chosen to be an integer in order to 
obtain the Rydberg formula, n* ~ k ^ 0 since otherwise 
Z.J. (jr) of Eq. (49) would vanish. By comparing Eqs. (47) 
and (48). 



4 

Thus, 
and 



(51) 



(52) 



. - -'AW- 

Substitution of the value of a and solving for W gives 



me 



W 



1 



(54) 



Because of the conditions on n* and A, the quantity n* - e 
cannot be zero. It is usually denoted by n and called the prin- 
cipal quantum number. The energy states of the hydrogen 
atom are 



W„ = -E„ = 



1 me^ 



(55) 



■ 2 «2fi2 

and the corresponding eigenfimctions fix»m Eq. (49) are 

J?„,.-c„..e-^Viiir(^)> (56) 
where the variable x is defined by 



2me^ 

1^' 



(57) 



In the Bohr theory of the hydrogen atom, the first orbital has 
a radius in CGS units given by 



Thus, a = 2/rtao and 

- 1l 

n ao' 



0.53 X 10"' cm. 



(58) 



(59) 



The energy states of the hydrogen atom in CGS units in 
terms of the Bohr radius are given by Eq. (27). From 
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Eq. (56), Rn,i for the hydrogen atom ground state is 

i?t.o = c,.oe-^/'^il = laf^^-'^'K (60) 

For this state 

Xoo = consVmt^ (47l)~''^ (61) 

when the function is normahzed. Thus, the ground state 
function is 

^.^{naly'^t'^"^, (62) 

Immediately further problems arise. Since € must equal zero 
in the ground state, the predicted angular energy and angu- 
lar momentum given by Eqs. (36) and (37), respectively, 
are zero which are experimentally incorrect. In addition, 
different integer values of ^ exist in the case of excited 
electron states. In these cases, the Schrodinger equation so- 
lutions (Eqs. (36) and (37)), predict that the excited state 
rotational energy levels are nondegenerate as a function of 
the / quantum number even in the absence of an applied 
magnetic field. Consider the case of the excited state with 
n = 2; ^ = \ compared to the experimentally degenerate 
state /I = 2; = 0. According to Eq. (37) the difference 
in angular energy of these two states is 3.4 eV where the 
expectation radius, 4ao, is given by the squared integral of 
Eq. (70) over space. Thus, the predicted rotational energy in 
the absence of a magnetic field is over six orders of magni- 
tude of the observed nondegenerate energy (I0~'-10~^ eV) 
in the presence of a magnetic field. 

Schrodinger realized that his equation was limited. It is 
not Lorentzian invariant; thus, it violates special relativity. 
It also does not comply with Maxwell's equations and other 
first principle laws. Schrodinger sought a resolution of the 
incompatibility with special relativity for the rest of his life. 
He was deeply troubled by the physical consequences of 
his equation and its solutions. His hope was that the resolu- 
tion would make his equation fully compatible with classical 
physics and the quantization would arise from first princi- 
ples. 

Quantum mechanics failed to predict the results of the 
Stem-Gerlach experiment which indicated the need for an 
additional quantum number. Quantum electrodynamics was 
proposed by Dirac in 1926 to provide a generalization of 
quantum mechanics for high energies in conformity with 
the theory of special relativity and to provide a consistent 
treatment of the interaction of matter with radiation. From 
Weisskopf [9], "Dirac's quantum electrodynamics gave a 
more consistent derivation of the results of the correspon- 
dence principle, but it also brought about a number of new 
and serious difficulties". Quantum electrodynamics: ( 1 ) does 
not explain nonradiation of bound electrons; (2) contains an 
internal inconsistency with special relativity regarding the 
classical electron radius — the electron mass corresponding 
to its electric energy is infinite; (3) it admits solutions of 
negative rest mass and negative kinetic energy; (4) the in- 
teraction of the electron with the predicted zero-point field 



fluctuations leads to infinite kinetic energy and infinite elec- 
tron mass; and (5) Dirac used the unacceptable states of 
negative mass for the description of the vacuum; yet, infini- 
ties still arise. 

A physical interpretation of Eq. (28) was sought. 
Schrodinger interpreted e1'*(x)^'(j) as the charge-density 
or the amount of charge between x and x -f- dx (*' is the 
complex conjugate of Presumably, then, he pictured 
the electron to be spread over large regions of space. Three 
years after Schrodinger' s interpretation, Max Bom, who 
was working with scattering theory, found that this in- 
terpretation led to logical difficulties, and he replaced the 
Schrodinger interpretation with the probability of finding 
the electron between r, d, 4> and r -H dr, 0 -I- d0, -I- d</» as 

y ^'(r,fi,0)*'(r,0,<^)drd0d(/». (63) 

Bom's interpretation is generally accepted. Nonetheless, 
interpretation of the wave function is a never-ending source 
of confusion and conflict. Many scientists have solved this 
problem by conveniently adopting the Schrodinger inter- 
pretation for some problems and the Bom interpretation for 
others. This duality allows the electron to be everywhere at 
one time — yet have no volume. Altematively, the electron 
can be viewed as a discrete particle that moves here and 
there (from r = 0 to oo), and gives the time average 
of this motion. 

Schrodinger was also troubled by the philosophical con- 
sequences of his theory since quantum rnechanics leads to 
certain philosophical interpretations [10] which are not sen- 
sible. Some conjure up multitudes of universes including 
"mind" universes; others require belief in a logic that al- 
lows two contradictory statements to be true. The question 
addressed is whether the universe is determined or influ- 
enced by the possibility of our being conscious of it. The 
meaning of quantum mechanics is debated, but the Copen- 
hagen interpretation is predominant. It asserts that "what we 
observe is all we can know; any speculation about what a 
photon, an atom, or even a superconducting quantuni inter- 
ference device (SQUID) really is or what it is doing when we 
are not looking is just that — speculation" [10]. As shown 
by Plan [11] in the case of the Stem-Geriach experiment, 
"the postulate of quantum measurement (which) asserts that 
the process of measuring an observable forces the state vec- 
tor of the system into an eigenvector of that observable, and 
the value measured will be the eigenvalue of that eigenvec- 
tor". According to this interpretation every observable exists 
in a state of superposition of possible states, and observa- 
tion or the potential for knowledge causes the wavefunction 
corresponding to the possibilities to collapse into a definite. 

According to the quantum mechanical view, a moving 
particle is regarded as a wave group. To regard a moving 
particle as a wave group implies that there are fundamental 
limits to the accuracy with which such "particle" properties 
as position and momentum can be measured. Quantum pre- 
dicts that the particle may be located anywhere within its 
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wave group with a probability An isolated wave group 
is the result of superposing an infinite number of waves with 
different wavelengths. The narrower the wave group, the 
greater range of wavelengths involved. A narrow de Broglie 
wave group thus means a well-defined position ( Ajc smaller) 
but a poorly defined wavelength and a large uncertainty A p 
in the momentum of the particle the group represents. A 
wide wave group means a more precise momentum but a 
less precise position. The infamous Heisenberg uncertainty 
principle is a formal statement of the standard deviations of 
properties implicit in the probability model of fundamental 
particles. 

AxAp5.|. (64) 

According to the standard interpretation of quantum me- 
chanics, the act of measuring the position or momentum 
of a quantum mechanical entity collapses the wave-particle 
duality because the principle forbids both quantities to be 
simultaneously known with precision. 

3. The wave -particle duality is not due to the uncertainty 
principle 

Quantum entities can behave like particles or waves, 
depending on how they are observed. They can be diffracted 
and produce interference patterns (wave behavior) when 
they are allowed to take different paths from some source 
to a detector — in the usual example, electrons or photons 
go through two slits and form an interference pattern on 
the screen behind. On the other hand, with an appropriate 
detector put along one of the paths (at a slit, say), the 
quantum entities can be detected at a particular place and 
time, as if they are point-like particles. But any attempt to 
determine which path is taken by a quantum object destroys 
the interference pattern. Richard Feynman described this as 
the central mystery of quantum physics. 

Bohr called this vague principle 'complementary', and ex- 
plained it in terms of the uncertainty principle, put forward 
by Werner Heisenberg, his postdoc at the time. In an attempt 
to persuade Einstein that wave-particle duality is an essen- 
tial part of quantum mechanics, Bohr constructed models of 
quantum measurements that showed the futility of trying to 
determine which path was taken by a quantum object in an 
interference experiment. As soon as enough information is 
acquired for this determination, the quantum interferences 
must vanish, said Bohr, because any act of observing will 
impart uncontrollable momentum kicks to the quantum ob- 
ject. This is quantified by Heisenberg's uncertainty princi- . 
pie, which relates uncertainty in positional information to 
uncertainty in momentum — when the position of an en- 
tity is constrained, the momentum must be randomized to a 
certain degree. 

More than 60 years after the famous debate between 
Niels Bohr and Albert Einstein on the nature of quantum 



reality, a question central to their debate — the nature of 
quantum interference — has resurfaced. The usual textbook 
explanation of wave-particle duality in terms of unavoid- 
able 'measurement disturbances' is experimentally proven 
incorrect by an experiment reported by Durr et al. [12]. 
Durr et al. report on the interference fringes produced when 
a beam of cold atoms is diffracted by standing waves of 
light. Their interferometer displayed fringes of high con- 
trast — but when they manipulated the electronic state 
within the atoms with a microwave field according to which 
path was taken, the fringes disappeared entirely. The in- 
terferometer produced a spatial distribution of electronic 
populations which were observed via fluorescence. The 
microwave field canceled the spatial distribution of elec- 
tronic populations. The key to this new experiment was that 
although the interferences are destroyed, the initially im- 
posed atomic momentum distribution left an envelope pat- 
tern (in which the fringes used to reside) at the detector. A 
careful analysis of the pattern demonstrated that it had not 
been measurably distorted by a momentum kick of the type 
invoked by Bohr, and therefore that any locally realistic 
momentum kicks imparted by the manipulation of the inter- 
nal atomic state according to the particular path of the atom 
are too small to be responsible for destroying interference. 



4. The correspondence principle does not hold 

Recent experimental results also dispel another doctrine 
of quantum mechanics [13,14]. Bohr proposed a rule of 
thumb called the correspondence principle [15]. A form of 
the principle widely repeated in textbooks and lecture halls 
states that predictions of quantum mechanics and classical 
physics should match for the most energetic cases. 

Bo Gao [13] calculates possible energy states of any 
chilled, two-atom molecule, such as sodium, that's vibrat- 
ing and rotating almost to the breaking point. He performs 
the calculations via quantum mechanical and the so-called 
semi-classical methods and compares the results. Instead of 
the results agreeing better for increasingly energetic states. 
The opposite happens. 



5. Classical solution of the Schrodinger equation 

Mills has solved and published a solution of a Schrodinger 
type equation based on first principles [16]. The central 
feature of this theory is that all particles (atomic-size 
and macroscopic particles) obey the same physical laws. 
Whereas Schrodinger postulated a boundary condition: 
* — ^ 0 as r oo, the boundary condition in Mills' theory 
was derived from Maxwell's equations [17]. 

For non-radiative states, the current-density function 
must not possess space-time Fourier components that 
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are synchronous with waves traveling at the speed of 
Hght. 

Application of this boundary condition leads to a physical 
model of particles, atoms, molecules, and, in the final anal- 
ysis, cosmology. The closed- form mathematical solutions 
contain fundamental constants only, and the calculated val- 
ues for physical quantities agree with experimental obser- 
vations. In addition, the theory predicts that Eq. (3), should 
be replaced by Eq. (65). 



n= 1,2,3,-.. and n = \ 



(65) 



Some revisions to standard quantum theory are implied, 
Quantvun mechanics becomes a real physical description as 
opposed to a purely mathematical model where the old and 
the revised versions are interchangeable by a Fourier trans- 
form operation [16]. 

The theories of Bohr, Schrodinger, and presently Mills all 
give the identical equation for the principal energy levels of 
the one-electron atom. 



STieon'^aH 



;-2.1786 X 10" 



(66) 



The Mills theory solves the two-dimensional wave equa- 
tion for the charge-density function of the electron. And, 
the Fourier transform of the charge-density function is a so- 
lution of the three-dimensional wave equation in frequency 
(jt,w) space. Whereas, the Schrodinger equation solutions 
are three dimensional in spacetime. The energy is given by 



J-oo J-oo 



(67) 



(68) 



(69) 



Thus, 

r 

In the case that the potential energy of the Hamiltonian, 
//, is a constant times the wavenumber, the Schrodinger 
equation is the well-known Bessel equation. Then with one 
of the solutions for Eq. (69) is equivalent to an inverse 
Fourier transfonn. According to the duality and scale change 
properties of Fourier transforms, the energy equation of the 
present theory and that of quantum mechanics are identical, 
the energy of a radial Dirac delta function of radius equal to 
an integer multiple of the radius of the hydrogen atom (Eq. 
(66)). Bohr obtained the same energy formula by postulating 
nonradiative states with angular momentum 



Li — mh 

and solving the energy equation classically. 



(70) 



The mathematics for all three theories converge to Eq. 
(66). However, the physics is quite different. Only the Mills 
theory is derived from first principles and holds over a scale 
of spacetime of 45 orders of magnitude: it correctly predicts 
the nattire of the universe fi-om the scale of the quarks to 
that of the cosmos. 

Mills' revisions transfonn Schrodinger's and Heisen- 
berg's quantum theory into what may be termed a classical 
quantum theory. Physical descriptions flow readily from the 
theory. For example, in the old quantum theory the spin 
angular momentum of the electron is called the "intrinsic 
angular momentum". This term arises because it is difficult 
to provide a physical interpretation for the electron's spin 
angular momentum. (Quantum Electrodynamics provides 
somewhat of a physical interpretation by proposing that the 
"vacuum" contains fluctuating electric and magnetic fields. 
In contrast, in Mills' theory, spin angular momentum re- 
sults from the motion of negatively charged mass moving 
systematically, and the equation for angular momentum, 
r X p, can be applied directly to the wave function (a 
current-density function) that describes the electron, and 
quantization is carried by the photon, rather than probability 
waves of the electron. 



6. Fractional quantum energy levels of hydrogen 

The nonradiative state of atomic hydrogen which is his- 
torically called the "ground state" forms the basis of the 
boundary condition of Mills' theory [16] to solve the wave 
equation. Mills further predicts [16] that certain atoms or 
ions serve as catalysts to release energy from hydrogen to 
produce an increased binding energy hydrogen atom called 
a hydrino atom having a binding energy of 
J3.6eV 

Bmdmg energy = r — , ( / 1 ) 



where 



1 1 



(72) 



and p is an integer greater than 1, designated as H[a\ilp\ 
where an is the radius of the hydrogen atom. (Although it 
is purely mathematical, these stable energy levels are also 
given by both Bohr's and Schrodinger's theories by postulat- 
ing integer values of the central charge. Justification may be 
based on notions such virtual particles which are acceptable 
in other applications of Schrodinger's equation,) Hydrinos 
are predicted to form by reacting an ordinary hydrogen atom 
with a catalyst having a net enthalpy of reaction of about 

m • 27.2 eV, (73) 

where m is an integer. This catalysis releases energy firora 
the hydrogen atom with a commensurate decrease in size of 
the hydrogen atom, r„ = nuH. For example, the catalysis of 
H{n = 1 ) to Hin = 1/2) releases 40.8 eV, and the hydrogen 
radius decreases from ah to (l/2)aH. 
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It is taught in textbooks that atomic hydrogen cannot go 
below the ground state. Atomic hydrogen having an exper- 
imental ground state of 13.6 eV can only exist in a vacuum 
or in isolation, and atomic hydrogen cannot go below this 
ground state in isolation. However, there is no known com- 
position of matter containing hydrogen in the ground state 
of 13.6 eV. Atomic hydrogen is radical and is very reac- 
tive. It may react to form a hydride ion or compositions of 
matter. It is a chemical intermediate which may be trapped 
as many chemical intermediates may be by methods such 
as isolation or cryogenically. A hydrino atom may be con- 
sidered a chemical intermediate that may be trapped in vac- 
uum or isolation. A hydrino atom may be very reactive to 
form a hydride ion or a novel composition of matter. Hy- 
drogen at predicted lower energy levels, hydrino atoms, has 
been identified in the extreme ultraviolet emission spectrum 
from interstellar medium. In addition, new compositions of 
matter containing hydrogen at predicted lower energy levels 
have recently been observed in the laboratory, which energy 
levels are achieved using the novel catalysts. 

The excited energy states of atomic hydrogen are also 
given by Eq. (71 ) except that 

n= 1,2,3 (74) 

The n = 1 state is the "ground" state for "pure" photon 
transitions (the n = 1 state can absorb a photon and go to an 
excited electronic state, but it cannot release a photon and 
go to a lower energy electronic state). However, an electron 
transition from the groimd state to a lower energy state is 
possible by a nonradiative energy transfer such as multipole 
coupling or a resonant collision mechanism. These lower 
energy states have fractional quantum numbers, n = 
1 /integer. Processes that occur without photons and that 
require collisions are common. For example, the exother- 
mic chemical reaction ofH+HXo form H2 does not occur 
with the emission of a photon. Rather, the reaction requires 
a collision with a third body, M, to remove the bond en- 
ergy ~H + H + M /f2+A/* [18]. The third body 
distributes the energy from the exothermic reaction, and 
the end result is the H; molecule and an increase in the 
temperature of the system. Some commercial phosphors are 
based on nonradiative energy transfer involving multipole 
coupling [19]. For example, the strong absorption strength 
of Sb^^ ions along with the efficient nonradiative transfer 
of excitation from Sb^*^ to Mn^"^, are responsible for the 
strong manganese luminescence from phosphors containing 
these ions. Similarly, the n = 1 state of hydrogen and the 
n ~ 1 /integer states of hydrogen are nonradiative, but a 
transition between two nonradiative states is possible via 
a nonradiative energy transfer, say n = 1 to 1/2. In these 
cases, during the transition the electron couples to another 
electron transition, electron transfer reaction, or inelastic 
scattering reaction which can absorb the exact amount of 
energy that must be removed from the hydrogen atom. 
Thus, a catalyst provides a net positive enthalpy of reaction 
of m • 27.2 eV (i.e. it absorbs m ■ 27.2 eV where m is an 



integer). Certain atoms or ions serve as catalysts which res- 
onantly accept energy from hydrogen atoms and release the 
energy to the surroundings to effect electronic transitions to 
fractional quantum energy levels. 

Once formed hydrinos have a binding energy given by 
Eqs. (71 ) and (72); thus, they may serve as catalysts which 
provide a net enthalpy of reaction given by Eq. (73). Also, 
the simultaneous ionization of two hydrogen atoms may 
provide a net enthalpy given by Eq. (73). Since the surfaces 
of stars comprise significant amounts of atomic hydrogen, 
hydrinos may be formed as a source to interstellar space 
where fiirther transitions may occur. 

A number of experimental observations lead to the con- 
clusion that atomic hydrogen can exist in fractional quantum 
states that are at lower energies than the traditional "ground" 
(« = 1 ) state. For example, the existence of fractional quan- 
tum states of hydrogen atoms explains the spectral observa- 
tions of the extreme ultraviolet background emission from 
interstellar space [20], which may characterize dark matter 
as demonstrated in Table 2. (In these cases, a hydrogen atom 
in a fractional quantum state, H{n\ ), collides, for example, 
with a n = 1/2 hydrogen atom, H{l/2), and the result is an 
even lower energy hydrogen atom. Hint), and //(1/2) is 
ionized. 

Him) + HC2) ^ ffM + H'^ + e~ + photon. (75) 

The energy released, as a photon, is the difference between 
the energies of the initial and final states given by Eqs. (71) 
and (72) minus the ionization energy of H(\/2), 54.4 eV. 
The catalysis of an energy state of hydrogen to a lower 
energy state wherein a different lower energy state atom of 
hydrogen serves as the catalyst is called disproportionation 
by Mills [16]. 

7. Identification of lower energy hydrogen by soft 
X-rays from dark interstellar medium 

The first soft X-ray background was detected and reported 
[21] about 25 years ago. Quite naturally, it was assumed 
that these soft X-ray emissions were from ionized atoms 
within hot gases. In a more recent paper, a grazing incidence 
spectrometer was designed to measure and record the difluse 
extreme ultraviolet background [20]. The instrument was 
carried aboard a sounding rocket and data were obtained 
between 80 and 650 A (data points approximately every 1.5 
A). Here again, the data were interpreted as emissions from 
hot gases. However, the authors left the door open for some 
other interpretation with the following statement from their 
introduction: 

It is now generally believed that this diffuse soft X-ray 
background is produced by a high-temperature compo- 
nent of the interstellar medium. However, evidence of 
the thermal nature of this emission is indirect in that it 
is based not on observations of line emission, but on 



1180 



KL. Mills UntemationalJournal of Hydrogen Energy 25 (2000) 117J-1I83 



Table 1 

Energies (Eq. (76)) of several fractional-state transitions catalyzed 
by H[flH/21 



"i 


If 


A£ (cV) 


A (A) 


1/2 


1/3 


13.6 


912 


1/3 


1/4 


40.80 


303.9 


1/4 


1/5 


68.00 


182.4 


1/5 


1/6 


95.20 


130.2 


1/6 


1/7 


122.4 


101.3 


1/7 


1/8 


149.6 


82.9 



indirect evidence that no plausible non-thermal mech- 
anism has been suggested which does not conflict with 
some component of the observational evidence. 

The authors also state that "if this interpretation is 
correct, gas at several temperatures is present". Specifi- 
cally, emissions were attributed to gases in three ranges: 
5.5 < log r < 5.7; log T = 6; 6.6 < log F < 6.8. 

The explanation proposed herein of the observed dark 
interstellar medium spectrum hinges on the possibility of 
energy states below the n = 1 state, as given by Eqs. (71) 
and (72). Thus, lower energy transitions of the type 



A£ = - 4^^ X 13.6 eV - 54.4 eV 



and n\ > «f. 



(76) 



induced by a disproportionation reaction with //[aH/2] ought 
to occur. The wavelength is related to AE by 

1.240 X 10^ 



>l(A)=- 



(77) 



A£(eV) ■ 

The energies and wavelengths of several of these proposed 
transitions are shovyn in Table 1. Note that the lower energy 
transitions are in the soft X-ray region. 

8. The data and its interpretation 

In their analysis of the data, Labov and Bowyer [20] 
established several tests to separate emission features from 
the background. There were seven features (peaks) that 
passed their criteria. The wavelengths and other aspects of 
these peaks are shown in Table 2. Peaks 2 and 5 were inter- 
preted by Labov and Bowyer as instrumental second-order 
images of peaks 4 and 7, respectively. Peak 3, the strongest 
feature, is clearly a helium resonance line: He(ls'2p' -* 
Is^). At issue here, is the interpretation of peaks 1, 4, 6, 
and 7. It is proposed that peaks 4, 6, and 7 arise from the 
1/3 _^ 1/4, 1/4 _t 1/5, and 1/6 1/7 hydrogen atoms 
transitions given by Eq. (76). It is also proposed that peak 
1 arises fi'om inelastic helium scattering of peak 4. That is, 
the 1/3 — 1/4 transition yields a 40.8 eV photon (303.9 A). 



When this photon strikes He(ls^), 21.2 eV is absorbed in 
the excitation to He(ls'2p'). This leaves a 19.6 eV pho- 
ton (632.6 A), peak 1. For these four peaks, the agreement 
between the predicted values (Table 1) and the experimen- 
tal values (Table 2) is remarkable. 

One argument against this new interpretation of the data 
is that the transition 1/5 — > 1/6 is missing — predicted at 
130.2 A by Eqs. (76) and (77). This missing peak cannot 
be explained into existence, but a reasonable rationale can 
be provided for why it might be missing from these data. 
The data obtained by Labov and Bowyer are outstanding 
when the region of the spectrum, the time allotted for data 
collection, and the logistics are considered. Nonetheless, it 
is clear that the signal-to-noise ratio is low and that con- 
siderable effort had to be expended to differentiate emis- 
sion features from the background. This particular peak, 
1/5 — > 1/6, is likely to be only slightly stronger than the 
1/6 1/7 peak (the intensities, Table 2, appear to de- 
crease as n decreases), which has low intensity. Labov and 
Bowyer provided their data (wavelength, count, count er- 
ror, background, and background error). The counts minus 
background values for the region of interest, 130.2 ± 5 A, 
are shown in Table 3 (the confidence limits for the wave- 
length of about ±5 A are the single-side 1 confidence levels 
and include both the uncertainties in the fitting procedure 
and uncertainties in the wavelength calibration). Note that 
the largest peak (count — background) is at 129.64 A and 
has a counts - background = 8.72. The counts — background 
for the strongest signal of the other hydrino transitions are: 
n=l/3-l/4, 20.05; rt= 1/4-1/5, 1 136; n= 1/6-1/7, 10.40. 
Thus, there is fair agreement with the wavelength and the 
strength of the signal. This, of course, does not mean that 
there is a peak at 130.2 A. However, it is not imreasonable to 
conclude that a spectrum with a better signal-to-noise ratio 
might uncover the missing peak. 

Another, and more important, argument against 
this new interpretation is the fact that the proposed 
fractional-quantum-state hydrogen atoms have not been 
detected before. There are several explanations. Firstly, 
the transitions to these fractional states must be forbid- 
den or must have very high activation energies — other- 
wise, all hydrogen atoms would quickly go to these lower 
energy states (an estimated transition probability, based 
on the Labov and Bowyer data, is be between 10"'' and 
10"'' s~'). In actuality, a catalyst is required in order to 
obtain emission. Secondly, the nimiber of hydrogen atoms 
(rt = 1 ), the hydrogen-fl rom density, and the presence of an 
active catalyst under any conditions on Earth is exceeding 
low. The combination of extremely low population and 
extremely low transition probability makes the detection of 
these transitions especially difficult. Thirdly, this is a very 
troublesome region of the electromagnetic spectrum for 
detection because these wavelengths do not penetrate even 
millimeters of the atmosphere (i.e. this region is the vac- 
uum ultraviolet which requires windowless spectroscopy at 
vacuimi for detection). Lastly, no one previously has been 
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Table 2 

Emission features of the LaBov and Bowyer spectrum and their interpretation 



Peak 


>l(A) 


Confidence 


Intensity 


Assignment [20] 


Assignment [33] 


Predicted X 






(photons cin~^ s~' sr~') 






(Eqs. (76) and (77)) 






(A)' 






(A) 


1 


633.0 


—4.7 to +4.7 


19,000 


VJ J lug i — J.J 


l^c scflttcnn^ of 
303.9 line (peak 4) 


633.0 


2 


607.5 


-4.9 to +4.9 


Second order 


Second order 
of 302.5 line 


Second order 
of 303.9 line 


607.8 


3 


584 


-4.5 to +4.5 


70,400 


He resonance 
(ls'2p' - ls2) 


He resonance 
(ls'2p' -> ls2) 


584 


4 


302.5 


-6.0 to + 5.9 


2,080 


He+; {2p' Is") 


rt= 1/3-1/4 


303.9 


5 


200.6 


-4.4 to + 5.3 


Second order 


Second order 
of 101.5 line 


Second order 
of 101.3 line 


202.6 


6 


181.7 


-4.6 to +5.1 


1030 


Fe'+ and Fe'0+; 
log r = 6 


« = 1/4-1/5 


182.3 


7 


101.5 


-5.3 to +4.2 


790 


Fe'^+ and Fe"'+; 
log r = 6.6 - 6.8 


n = 1/6-1/7 


101.3 



Table 3 

Data (Labov and Bowyer) near the predicted 1/5 1/6 transition 
(130.2 A) 



/(A) 


Counts 


Background 


Counts— background 


125.82 


26 


21.58 


4.42 


127.10 


22 


21.32 


0.68 


128.37 


18 


19.50 


-1.50 


129.64 


29 


20.28 


8.72 


130.90 


18 


19.76 


-L76 


132.15 


20 


19.50 


0.50 


133.41 


19 


19.50 


-0.50 


134.65 


19 


20.80 


-1-80 



actively searching for these transitions. The Chandra X-ray 
Observatory is scheduled to perform similar experiments 
with detection at much better signal to noise than obtained 
by Labov and Bowyer. 



9. Novel energy states of hydrogen formed by a catalytic 
reaction 

The catalysis of hydrogen involves the nonradiative trans- 
fer of energy from atomic hydrogen to a catalyst which may 
then release the transferred energy by radiative and nonra- 
diative mechanisms. As a consequence of the nonradiative 
energy transfer, the hydrogen atom becomes unstable and 
emits further energy imtil it achieves a lower energy nonra- 
diative state having a principal energy level given by Eqs. 
(71) and (72). 

Potassium ions can also provide a net enthalpy of a mul- 
tiple of that of the potential energy of the hydrogen atom. 
The second ionization energy of potassium is 31.63 cV; and 
K"^ releases 4.34 eV when it is reduced to K. The combi- 
nation of reactions K"^ to and K"*" to K, then, has a 
net enthalpy of reaction of 27.28 eV, which is equivalent to 



m = 1 in Eq. (73). 

27.28 eV + K-' + +// - K + k'-^ +// [^^pj)] 

+[{p+lf ~ p^]\3-6<^y. (78) 

K + k'-' K-" + K"" + 27.28 eV. (79) 
The overall reaction is 

^[7l-^^[(?TT)l^t(P^i)^-/]n.6ev. 

(80) 

Typically, the emission of extreme ultraviolet light from 
hydrogen gas is achieved via a discharge at high voltage, a 
high-power inductively coupled plasma, or a plasma created 
and heated to extreme temperatures by RF coupling (e.g. 
> 10** K) with confinement provided by a toroidal mag- 
netic field. Intense EUV emission was observed by Mills 
et al. [22-27] at low temperatures (e.g. < 10^ K) from 
atomic hydrogen and certain atomized pure elements or cer- 
tain gaseous ions which ionize at integer multiples of the 
potential energy of atomic hydrogen. The release of energy 
from hydrogen as evidenced by the EUV emission must re- 
sult in a lower energy state of hydrogen. The lower energy 
hydrogen atom called a hydrino atom by Mills [16] would 
be expected to demonstrate novel chemistry. The forma- 
tion of novel compoimds based on hydrino atoms would 
be substantial evidence supporting catalysis of hydrogen as 
the mechanism of the observed EUV emission. A novel hy- 
dride ion called a hydrino hydride ion having extraordinary 
chemical properties given by Mills [16] is predicted to forai 
by the reaction of an electron with a hydrino atom. Com- 
pounds containing hydrino hydride ions have been isolated 
as products of the reaction of atomic hydrogen with atoms 
and ions identified as catalysts in the Mills et al. EUV study 
[16,22-33]. The novel hydride compounds were identified 
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analytically by techniques such as time of flight secondary 
ion mass spectroscopy, X-ray photoelectron spectroscopy, 
and proton nuclear magnetic resonance spectroscopy. For 
example, the time of flight secondary ion mass spectroscopy 
showed a large hydride peak in the negative spectrum. The 
X-ray photoelectron spectrum showed large metal core level 
shifts due to binding with the hydride as well as novel 
hydride peaks. The proton nuclear magnetic resonance spec- 
trum showed significantly upfield shifted peaks which cor- 
responded to and identified novel hydride ions. 



10. Discussion 

The Schrodinger equation gives the observed sponta- 
neously radiative energy levels and the nonradiative state of 
hydrogen. On this basis alone, it is justified despite its in- 
consistency with physicals laws and numerous experimental 
observations such as 

• The appropriate eigenvalue must be postulated and the 
variables of the Laguerre diff'erential equation must be 
defined as integers in order to obtain the Rydberg formula. 

• The Schrodinger equation is not Lorentzian invariant. 

• The Schrodinger equation violates first principles includ- 
ing special relativity and Maxwell's equations [16,34]. 

• The Schrodinger equation gives no basis why excited 
states are radiative and the 13.6 eV state is stable [16]. 

• The Schrodinger equation solutions (Eqs. (36) and (37)), 
predict that the ground state electron has zero angular 
energy and zero angular momentum, respectively. 

• The Schrodinger equation solution (Eq. (37)) predicts 
that the ionized electron may have infinite angular mo- 
mentum. 

• The Schrodinger equation solutions (Eqs. (36) and (37)), 
. predict that the excited state rotational energy levels are 

nondegenerate as a fimction of the ^ quantum number 
even in the absence of an applied magnetic field, and 
the predicted energy is over six orders of magnitude of 
the observed nondegenerate energy in the presence of a 
magnetic field. In the absence of a magnetic field, no 
preferred direction exists. In this case, the / quantum 
number is a function of the orientation of the atom with 
respect to an arbitrary coordinate system. Therefore, the 
nondegeneracy is nonsensical and violates conservation 
of angular momentum of the photon. 

• The Schrodinger equation predicts that each of the func- 
tions that corresponds to a highly excited state electron 
is not integrable and cannot be normalized; thus, each is 
infinite. 

• The Schrodinger equation predicts that the ionized elec- 
tron is sinusoidal over all space and cannot be normal- 
ized; thus, it is infinite. 

• The Heisenberg uncertainty principle arises as the stan- 
dard deviation in the electron probability wave, but ex- 
perimentally it is not the basis of wave-particle duality. 
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• The correspondence principle does not hold experimen- 
tally. 

• The Schrodinger equation does not predict the electron 
magnetic moment and misses the spin quantum number 
all together. 

• The Schrodinger equation is not a wave equation since it 
gives the velocity squared proportional to the frequency. 

• The Schrodinger equation is not consistent with conser- 
vation of energy in an inverse potential field wherein the 
binding energy is equal to the kinetic energy and the sum 
of the binding energy and the kinetic energy is equal to 
the potential energy [2]. 

• The Schrodinger equation permits the electron to exist in 
the nucleus which is a state that is physically nonsensical 
with infinite potential energy and infinite negative kinetic 
energy. 

• The Schrodinger equation interpreted as a probability 
wave of a point particle cannot explain neutral scattering 
of electrons from hydrogen [16]. 

• The Schrodinger equation interpreted as a probability 
wave of a point particle gives rise to infinite magnetic and 
electric energy in the corresponding fields of the electron. 

• A modification of the Schrodinger equation was 
developed by Dirac to explain spin which relies on 
the unfounded notions of negative energy states of the 
vacuum, virtual particles, and gamma factors. 

The success of quantum mechanics can be attributed 
to (1) the lack of rigor and unlimited tolerance to ad hoc 
assumptions in violation of physical laws, (2) fantastical 
experimentally immeasurable corrections such as virtual 
particles, vacuum polarizations, effective nuclear charge, 
shielding, ionic character, compactified dimensions, and 
renormalization, and (3) curve fitting parameters that are 
justified solely on the basis that they force the theory to 
match the data. Quantum mechanics is now in a state of 
crisis with constantly modified versions of matter repre- 
sented as undetectable minuscule vibrating strings that exist 
in many unobservable hyperdimensions, that can travel 
back and forth between undetectable interconnected paral- 
lel universes. And, recent data shows that the expansion of 
the universe is accelerating. This observation has shattered 
the long held unquestionable doctrine of the origin of the 
universe as a big bang [35]. It may be time to reconsider 
the roots of quantum theory, namely the theory of the hy- 
drogen atom. Especially in light of the demonstration that 
the hydrogen atom can be solved in closed form from first 
principles, that new chemistry is predicted,, and that the 
predictions have substantial experimental support. 

Billions of dollars have been spent to harness the energy of 
hydrogen through fusion using plasmas created and heated to 
extreme temperatures by RF coupling (e.g. > 10^ K) with 
confinement provided by a toroidal magnetic field. Mills et 
al. [22-27] have demonstrated that energy may be released 
from hydrogen ttsing a chemical catalyst at relatively low 
temperatures with an apparatus which is of trivial techno- 
logical complexity compared to a tokomak. And, rather 
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than producing radioactive waste, the reaction has the poten- 
tial to produce compounds having extraordinary properties 
[28-33]. The implications are that a vast new energy 
source and a new field of hydrogen chemistry have been 
discovered. 
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Earth's shadow. This position was held for 160 s and 
shifted 1?5 along the narrow {4(f) field of view and hdd^^| 



Fig. 3.— The resolution (FWHM in A) as a function of wavdcnglh. The 
triangles show the short-wavdength system resolution, and the squares and 
circles shown the medium- and long-wavelength systems," respectivdy. The 
open symbob indicate measurements made prior to laundi, and the solid 
symbols show postfli^t measurements. The error bars shown are the 80% 
confidence intervals to the fits of each measurement, and the curves are parab- 
olae that have been fit to the data. 



resolution" measturanents^^^ fit to parabolic curves, as 

shown in Figure 3. These curves are taken as a reasonable 
estimate of the instruments* resolution, and the scatter of the 
measurements about the curve as an indicator of the total 
uncertainty of the individual measurements. 

The spectrometer was designed to avoid false line problems, 
and the assembled instrument was tested extensively to check 
for "ghost lines" and to determine the effects of scattered light 
and particle infiltration. Intense beams of 170 A, 304 A, 584 A, 
and 1216 A radiation, and electrons and ions with energies up 
to 400 eV were scanned across the instnunent while aimed 
directly down the optical axis and at 5" and 10* to either side of 
the axis. Images accumulated during these tests show no signs 
of any ghost lines with count rates thousands of times higher 
than those observed in the brightest line (584 A) during flight 
The tests with low-energy particles and radiation outside a 
given spectrometer's bandpass showed no measurable increase 
in count rate over the detector background of that spectrom- 
eter. Furthermore, no increase in count rates were sccii in any 
spectrometer when radiation of any wavelength was incident at 
angles outside the central 40* field of view of the collimator. 

If filter pinholes developed before the observation, intense 
i^l6 A radiation scattering through the instrument cotild have 
entered the detector chamber. In this case, the scattered light 
would appear only.as an increased detector background unless 
there were intrinsic detector nonuniformities that mimicked 
line emission. Therefore, many points on the detector surface 
were measured to lest for fluctuations in quantum efiidency 
over difl"ercnt regions of the detector. These measurements 
showed the detector response to be quite uniform. The entire 
detector area was also illuminated with a diffuse beam of far- 
ultraviolet (FUV) radiation. These flat-ficld images have been 
examined for signs of line emission in the exact same manner as 
the flight data. No lines were found in this flat-field test data. 

The diffuse EUV spectrometer was launched from White 
Sands, New Mexico, at 10 minutes after midnight (MST). 1986 
April 22. on a Nike-boosted Black Brant sounding rocket The 
rocket reached an apogee of 303.9 km at 283 s after launch. 
The spectrometer was pointed in the antisolar direction, down 



another 160 s. As detailed later, this shift helped to dete^^| 
the point source contribution to the observed cmissionrfjjB^^:,. 
flight ended with a scan away from Earth's shadow toward^^^^^ 
~ red at the poigg%1? 



southern horizorL The pointing was centered 
/ = 325!0 ± 0?5, b = 47?7 ± 0!5, as confirmed by a 35 mia 
camera which photographed the sky every 5 s during the _1 

Postflight calibration of the instrument alignmen'tt^ 
resolution and a partial throughput test were performed wS^m ^^ 
I month of the launch. The alignment was within 4% jfir?''^"'' 
preflight values, and the postflight resolution measura£ 
indicated by the solid symbols in Figure 3, were all withm^i 
(23 a) of their preflight values. Unfortunately the r— ^ 
door on the optics cavity lost its vacuum seal during 
causing a rupture of the thin filters and eliminating 
bility of carrying out a complete postflight throughput 
did, however, measure the postflight throughput 
filters, which we then corrected with the preflight 
filter trarwmissions. The result was consistent with the 
measurement to better than 45% (1.2 a). The s\ 
system is described further in Labov (1988a, b, 1989). 

3. DATA ANALYSIS 

A raw spectrum was derived for eadi spccuomci^ 
photons detected while the instrument was pointed, inl^* 
solar direction and while the detectors were operatingj 
Slant background levels. The short-wavelength 
(80-230 A) includes 329 s of data with a detector b 
level at 1.0 counts s~ * cm ~ ^, The medium- and long-i 
spectra (230-650 A) include 234 s of data with a dct< 
ground level of 1.6 counts s " * cm* The constant h 
of the detectors was about twice the background t 
the laboratory, which is common for these de 
altitudes. The resultant spectrum is shown in 1 
width of the pixels in Figure 4 is the electronic samp 
the minimum spectrometer line width covers five I 
these electronic pixels. Solar radiation at 584 j* ^ 
scattered by neutral helium flowing through the s> 
clearly present in this figure, and features near 1 



Fia 4,— Raw spectra from all *'*^'t 
shows the number of counts ««"»*«»**l"SZ4brli 
antisolar pointing. Tbe doited line shows Ibc ^^^^^^^ 
or smoothing has been pcffonned. 
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610, and 63J A are suggested. The dotted curve in Figure 4 
l^^catcs'TEc overall shape of the. detector background spec- 
trum as measured in the laboratory, scaled by a factor of 2. 

3.1. Tests for Emission Features 
Since the signal to noise of our measurement was expeaed 
to be low, three critera were established for a feature to be 
considered significant. First* the feature must not be due to a 
transient malfunction of the detector or spectrometer system. 
Tic postfUght calibration (discussed in § 2) indicates that only 
the filters were damaged during the flight The instrument has 
three independent vacuum pumps, each connected to one of 
the three chambers that are separated by the two filters. AM 
these pumps were in operation after launch and prior to the 
observation. The pump voltage and current monitors showed - 
(hat a pressure differential existed at this time, indicating that 
Itbe filters were intact after the separation of the payload from 
the booster engines. At most only a small pinhole could have 
beeo present during thepbservation. If such a filter pinhole did 
aist during the observation, or if a detector nonunifonnity 
developed, the flight images would show a small region of 
enhanced count rate. However, since the spectrometers have 
to focusing perpendicular to the spectral direction, a true emis- 
Bon line will evenly illuminate the entire length of the detector. 
Several tests for uneven detector illumination were performed, 
md only one of the eight possible emission features detected 
ns unevenly illuminated. That feature, located at 120 A, was 
iRmoved from subsequent analysis. 

^' Second, the feature must not be a consequence of the 
^Ktbod employed in establishing the continuum (or back- 
ind) level The detector background was established by 
lemming the dark counts accumulated before and after the 
It under a variety of conditions. An independent method of 
^mating the background continuum has also been applied, 
or images have been artificially created with perfectly 
gifomi backgrounds in the active area of the detector. These 
jumy " images are then processed in a manner identical to 
flight data. This provides a relatively smooth continuum 
that includes the changes in background levels due to the 
^^c in image size as a function of wavelength. The analysis 
?f carried out using both methods of continuum estimation; 
1*> emission line is a consequence of the noise in the back- 
**"d estimates, it will not appear in the analysis with the 
jj» dummy-image continuum. All the features discussed' 
Iter are present regardless of the method used to estimate 
S^o^nuum, 

||^^<J» the feature roust show a statistically significant rise 
Ihe continuum level. To find how many significant lines 
. |o each spectrum, the raw spectrum was fitted with a 
J^mposed only of the continuum detector background 
^ multiplied by a scale factor. The model was fitted to 
*pcctrum data by varying the continuum scale factor 
^™ A line was then added to the model at the 
"EJh correspondmg to the largest residual in the fit with 
^^^c wavelength and strength of this line, along with 
WiteH""* .scale factor, were then varied to minimize j^. 
f^^^ was added at the wavelength corresponding 
^?^st residual in the fit with one line, and the wave- 
strengths of both lines were varied as well as the 
*^e factor. This process was repeated with addi- 
? Ihe^"'"' further improvement in the fit was noted. 
ig^J^^'*'**«»gihs of the most probable lines were deter- 
Bst aoencc intervals were determined for the strength 



and wavelength of each line. Because of the low number of 
counts per bin in the raw spectra, the likelihood-ratio test 
described by Cash (1979) was used with the procedure 
described by Lampton, M argon, & Bowyer (1976) for deter- 
mining confidence intervals. A similar technique was applied at 
all wavelengths across the spectra to determine upper limits to 
line radiation at each wavelength. 

3.2, Tests for Noninter stellar Emission 

Once an emission feature was established as being signifi- 
cant all possible solar and stellar origins for this emission were 
considered. This section describes procedtires designed to test 
different noninterstcllar emission mechanisms that might in 
principle, have contributed to the observed features. 

The field of view in the target direction does not contain any 
of the FUV point sources listed in the TD-1 catalog (Jamar et 
at 1976). This catalog includes all O- through B3-type stars 
brighter than seventh magnitude and other B stars to about 
sixth magnitude. With these sensitivity limits, the catalog 
includes all stars that are hotter than 12,0(X) K, have little 
interstellar extinction, and lie within the nearest 100 pc Any 
FUV source likely to appear in the EUV is therefore included 
in this catalog. The diffuse EUV spectrometer field of view does 
not contain any of the X-ray sources in the HE AO A-2 catalog 
(Nugent et al. 1983) or the HE AO A-1 catalog (Wood et aL 
1984). The A-2 catalog has a limiting sensitivity of 10"" ergs 
cm"^ s"* at 28-69 A, and the A-1 catalog is complete to 250 
/zJy at 2.5 A. If an uncataloged object with a flux equal to the 
limiting sensitivity of the HEAO surveys happened to be in the 
field of view of the spectrometer, that object would produce 
only a few counts at 100 A during a 300 s observation by the 
diffuse EUV spectrometer. 

The point source sensitivity of the diffuse EUV spectrometer 
is such that only the brightest known EUV sources (such as the 
hot white dwarf HZ 43) could produce a signal with count 
rates approaching those observed. No known white dwarfs 
hotter than 12,0CX) K are located near the field of view in the 
target direction (McCook & Sion 1984). Furthermore, white 
dwarfs are continuimi emitters, not line emitters; therefore, if 
such an object were in the field of view, it could only raise the 
continuum level, not create hnes. Similarly, only the brightest 
known EUV coronal emitters (such as a Cen) could be detected , 
by the spectrometer. Halfway through the point observation, 
the instrument was shifted i?5 in the narrow fidd of view 
direction. The flight data in each detected emission line were 
examined for changes corresponding to this shift No change 
greater than 1 a was observed in any of the lines or in the total 
count rate for any of the spectrometers. Since the probability of 
having two bright unknown, and identical EUV sources 
separated by only 1?5 in a region that can extend 100 pc is 
unlikely, we conclude that the emission observed is truly 
diffuse emission. 

A possible noninterstcllar source of diffuse EUV emission is 
resonantly scattered solar- radiation. Since we observed in the 
anttsolar direction down Earth's shadow cone, solar photons 
must be multiply' scattered to reach the field of view of the 
spectrometer. If any of the detected features were geocoronal in 
origin, they would appear at least 40 times brighter in previous 
observations that were not confined to Earth's shadow (Weller 
& Meier 1974a; Chakrabarti el aL 1982). With the exception of 
He n 304 A emission, radiation at these intensities is ruled out 
by the observations of Stem & Bowyer (1979) and Holberg 
(1986). 
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Another possible noninterstcllar emission source is Earth^ 
atmosphere. Spectra of the dayglow at wavelengths above 400 
A show several O ii and N n emission hnes, mcludmg an N ii 
emission line at 629 A (Chakrabarti et al. 1983). As atmo- 
spheric ions recombine at night, the intensity of the recombj- 
nation lines wUl be significanUy diminished. For example, the 
O 1 line at 989 A is over 300 times brighter m the day than at 
night (Chakrabarti et al. 1983; Chakrabarti, Kunble, & 
Bffwyer 1984). If the N n 629 A dayglow emission is scaled 
down by this factor, it would be 25 times dimmer than the 635 
A feature reported here. Furthermore, several of the O u 
dayglow Unes are much brighter than the N n 629 A line, and 
none of these Unes were found in the diffuse EUV spectrometer 
data. It therefore Seems unUkely that the 635 A feature is atmo- 
spheric in origin. 

3.3. Line Strengths 
The emission features that pass the criteria discussed in § 3.1 
arc summarized in Table 1. The wavelength and count rate of 
the Une at 609 A supports the hypothesis that it is 304 A 
gcocoronal He n emission detected in second order. Similarly, 
the feature at 2007^ is consistent with a second-order image of 
the 99 A feature. The 200 and 609 A intensities arc therefore 
excluded from Table 1. The confidence intervaUfor the wave- 
lengths are the single-side 1 a confidence levels. These intervals 
include both the uncertainties in the fitting procedure and 
those associated with the wavelength calibration. The observed 
counts listed in column (2) are the total number of counts m 
the Une after correction for background. The confidence levels 
here are those found in the fitting procedure. The staDsU<^ 
confidence listed for each Une in column (5) includes an esti- 
mate of the systematic errors. . J r„ 
The intensities listed in Table 1 have been corrected for 
atmospheric absorption. This absorption was calculated with 
the cross sections of Kirby et al. (1979) combined with the 
MSIS-83 thcrmospheric composition model atmosphere 
(Hedin 1983). The atmospheric attenuation was calculated as a 
function of wavelength, altitude, and zenith angle and then 
averaged for the conditions encountered dunng the obser^- 
tion. The maximum average attenuaUon used was 10%. The 
confidence levels for the intensities included both statistical 
and instrumental calibration uncertainties. For convenience 
the intensiUes in Table 1 are listed in photons cm s sr 
and in rayleighs (1 photon cm' ^ s" ' si^" ' - 4^10* raylci^). 

The lines listed in Table 1 are presented in Figure 5 along 
with the upper limits to line emission. Also shown in Figure 5 is 
the strength necessary for a single line to produce the broad- 
band upper limits from the Apollo-Soyuz EXJV telescope obser- 
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Fic 5.— The cmissioti features deteaed are indicated wiih I » 
in boih wavelength and intensity. The uncertainties indicated iochiiej 
calibration and fitting prcKedure uncemdnties. The squares show the n*— 
stdlar lines (304 and 584 A), and the cirded points are the tinea J 
beiicved to be inieretdlar in origin. The bold lines indicate the u«« 
{90% confidence leve!) to line radiation inferred from this cA*« 
dashed lines indicate the upper limits derived from previous ol — 
the dotted lines indicate the previous soft X-ray and EUV obseivai* 

vations (Parescc & Stem 1981) and the upper lo^™ " 
found with the Voyager instrument (Holberg 1986). In I 
we show the single line strength that would Pr°^J^ 
rates observed in the soft X-ray carbon band (C 
Ax boron band (B band, 6<^95 A), and the bcnrlliuiigj 
band, 115-155 A) (McCammon et al. 1983; Stcrn^f*^ 
1979) 

As can be seen in Figure 5, the 178 A Une is com 
the previous observations. Bloch et aL (J^^PJ^^ 
band intensity at two locations wthin 20]' 
observed. The 1 <r range in 178 A intensity hst|g|i 
would produce between Z5 and n.7 counts s^^ 
portional counter of Bloch et al. (1986). At '^^ 
Bloch et aL observed 7.2 ± 0.8 counti s » 
h « 4r 4.5 + 0.6 counts s"* were observca. i?^ 
with our measurement. Bloch (1988) has an^^ 
height information from the Bloch et al. (198bJJ 
dudes that if the emission th^y^^^Tf^l-nSl 
single line, then that line must be bcl**^ !f-f.^^ 
range in 178 A intensities ^hat are cons^t^JSH 
we cannot confirm whether the Bloch et^ 
dominated by emission at 178 A or by et^ 
wavelengths. 
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— ^ The 99 A feature is wilhin 22 c o( the B tand interoity. 

■ ^ 5 is significantly above the upper bm.ls of Holberg. If 

■ emission is intersteltar in origin, it would be subject to 
j '^Inr^bsorption by neutral interstellar hydrogen and he 
' il^lSmLs of *e emi'ssion would be extremely «!«^'« "^"e 
■ !Letry of the emitting and absorbing regions. Since our view 
li^tion was different from that of Holberg, our observations 
]»ay ^ conflict. 

4. INTERPRETATION 

The feature observed at about 300 A is fi«"JP«*°^°^5 
Lacdon of diffuse Hen 304 A geocoronal background, and 
itlw A feature is consistent with this 304 A line observed m 
1 The 304 A intensity listed in Table 1 is consistent 

h "fhe" upt^r,o*304 A elssion in the -tisoU' ^«>. 
iin ro 02 Wleighs) reported by Paresce. Fahr, & Lay (19M). 
iCi of tie'otb^ Hn« app«.r to ematiate from ^^^^^ 

fe^^'r^afsTe'^^r-^^^^^^ 

ISir & Mdcr Dalaudier et al. 1984). TOs leaves three 
ll^le f^tu« thc^ at 99, 178, and 635 A, which .nay be 
SS««d by ^ hot ISM. Calculations of the emisaon from a 
K^Sits^S plasma show bri^t Knes ne^h«« 

lw.S.& Bowser 1978; Raymond & Smith 1984; Mewe. 
I Otonenschfld, & van den Oord 1985). 

1 For an analysU of these features we considw ""e ISM to 
«S^t an emitting component with no «l^^orP-|° »^ 
U a second component which is purely absorbing. For an 
opL^SSn iso*ermal gas in which the «n'«b»8.».»«""' ^ 
Kg^eous along the Kne of sight, the total emission from 
[ticemittingregionis 

(1) 
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EM is the emission measure. P,{T)/nl is the Une power, 
»d is in photon units (photons cm s sr J, , 
iThc ISM models can be extended to include a d»smbuUon of 
%pcratures; following Jenkins (1978b) and Paresce & Stem 
a power-law temperature distribution defined by „ 

(2) 



d\nT 



tied. Here C. is a scale factor that can be wntten in terms of 
^.fflUng factor and pressure of the ISM. This icmpe^ture 
^ttUon model is discussed in more detail by Paiescc & 
11981) and Ubov (1988b). . , . ^ wv «.ulti 

observed line intensity /. can be calculated by multi^ 
^ the emitted Unc intensity l\ by the effective transnus- 
.of the ISM. The net absorption is affected not oviiyhy^^ 
' »n»ount of absorbing material in the line of sight, but also 
* geometry of this material and bow it is arranged reiau w 
emitting material. In the simple slab absorption mode^ 
ttmitting material lies beyond the absorbing roatcnal, 

^ f« . ^« i.^t»*lM<f nr rroSS SCCtlOn 



rag maienai iics ocjfwuw « — ; — 
. ae--«", where is the photoelcctnc cross section 
Itogen atom (Cniddacc el al. 1?74; Mon^n & 
•^on 1983). This model does not include the cfTccU due 



to clumping of the absorbing matenal ; such effects ^cre first 
examinS by Bowyer & Field (1969) and later refined by 
Jakobsen & Kahn (1986). Jakobsen and Kahn's generalized 
"em^Sef dump" model describes the effect o a stat^t,^ 
dfetribution of absorbing clouds with a clumping factor rr? that 
^^muSed by the photoelectric cross secUon yielding the 
effSSve'^SossLtion: ..^ = nx<^. By usmg a power-law 
cloud distribution with an exponent of ^ f and a 
maximum cloud size of N„«. = 1.7 x 10^» cm \ the clump- 
fe^rrcan be calculated at any wavelength as a function 
of'thf^mum cloud size N„ ^„ (K^n & Jakobsen 1988; 
Lab^v 1988b). Jakobsen & Kahn (1986) also define a macro- 
geom^ti'c^ ^rameter K as the ratK, of -le hei^^^^^^ Ui 

streneths and upiS limits directly in terms of the models of the 
^^dt^Td^aSTve. in practice this is p<»^^^^ 
of the three features observed, the f""'%*' 
wa«lengths the higher resolving power of the sP««romet«. 
Muoled with the touted number of strong Unes produced at 
wa« enSU makes it possible to analyze itas featu« 
S^ly. ^. i^Ukely origin of this feat^ » O v 
at 6297 A Within the 3 <r confidence interval >o^«".'?^ 
f™«h of Uns feature, the next strongest line ^"^^^1% 
'S°imposition of gas 

and 7 is more than ^°'"^fjf^^^^^"S^ 
Wang, & Bowyer 1978; Raymond & S™* ^7, n n Urn 
other'toes are N n fines, ^"s ATme wSS 
however would be accompanied by the N n A ime, wracn 
uT^'^W stronger. Any f^sorbing ».tmal m th^^^^ 
will attenuate the 635 A bne .nore " A toe wsJ^t 

the apparent fine ratio even »«8" J»^J"„\^ fo 
obset^Slsioce the strength .rftiie o'^^J^'.^j'f ^^^"^ 

srbeSissp^r.^^ 

fi''l'iSo?.i^r^^.-f«?'"»"'^^ 

thi^ lines would also produce bright Unes at sbortcr wave 

le'^S^^swere'notob^^^Ano^^^^^^ 

t-^e'k^Sl'^^^^ «5 A feature. 
625.6 A- " ''i,",^ 1 , of the recorded feature, 
whereas the O v hne is wiuun assumed that 

Therefore, in the following aijalysis it has been assumeo inai 
thefeatuteat635Aisthe630AO vhne. 

C^ ^rvation places strong constants on «^^- 
peratute of .he O v «m.ting ^^e O v A ^ 

1 534/' 630 «= — ^ c i A Ne vn line exists at 465 A that peaics 
perature of log T * N^^^"^ ^ not detedei and 

rtreS^A i^ again about 1/ia This places an "PJ^^ 

fore, further tightens these temperature constraints. 
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Fig. 6.-The ratio of the O iv 554 A line to the O v 630 A Iidc as a function 
of temperature is shown by open symbob- Tht solid symbols indicate the 
Ne vn 465 A to O V 630 A lioe latios. The predicted Une ratios with no 
interstellar absorption are shown by the squares connected by «l>dbn^«« 
the triangles show the line ratios predicted by a sUb absorption model with a 
column d^ty of log N„ = 18. The solid horizontal line shows the upper li^t 
imposed on both of these line ratios by the data reported here. The tem- 
perature of the emitting gas is restricted to the ihaded region. 

These results are shown in Figure 6. The line ratios with no 
absorption and with a slab absorption model where log - 
18 arc shown. Wc also show the 90% confidence upper bnut 
for both lines which is provided by our results. The emitUng 
material must produce line ratios which lie below this line and 
above the solid lines that show the case of emission with no 
absorption. This leaves only a small range of permitted tem- 
peratures: 5.42 ^ log T £ 5.67. To test the sensitivity of these 
results to differences in plasma codes, the line ratios ^ere^- 
culated from both the code of Stem, Wang, & Bowycr (1978) 
and the code of Raymond & Smith (1984); the results were 
consistent to within 3%, showing that our conclusions are not 
particularly sensitive to differences in plasma codes. 

The nonisothcnnal emission model defined in equation (2) 
has Uttle effect on this temperature constraint Wth a wide 
range of temperature exponents, -2 < o < 3, the small«t 
hsJhio line ratio this model can produce is 0.4. Only by 
increasing the lower temperature limit log to 5.5 can a hne 
ratio as small as 0.1 be obtained. The Ues/Jeio w^*" 
with a full range of temperatures, log 5 to log T^x - A 

but the power-law coefficient o must be negative. These results 
arc similar to the conclusion above; the ' 354/^630 J^J^^is not 
consistent with a gas at temperatures less than lO*- K. Tlic 
a < 0 constraint from the h^s/hio implies that the ^ density 
decreases as the temperature increases. Therefore a higher t«n- 
pcrature component, or a distribution of temperatures lugn**^ 
than 10'-^ K, could exist as long as the emission measure of the 
hotter material docs not exceed the emission measure of the 
log r « 5.5 gas. The hotter material in this gas can coexist 
with the 10'** K gas because the strongest lines at hirfier tem- 
peratures arc only 1/10 as powerful as the O v 630 A Une at 
10** K. 

These line ratio calculations utilized line power calculatwl 
under the assumption of ionization equilibrium. If the gas is 
cooUng from a 10* K equilibrium state, the calculatiom of 
Shapiro & Moore (1976) show that the ions do not recombmc 
quickly enough to remain in equilibrium, and so each stage or 



ionization persists at lower temperatures. This docs wA^^^j^ 
however, prevent recombination into O rv at about the samt'i;^^.^ 
temperature (10^-' K). Similarly, the temperature of the New- "fi 
peak (10*-^* K) is the same in the steady state and timfc/V-^;^ 
dependent calculations. Noncquilibrium ionization, therefonff -r^ 
docs not effect the above conclusion that at least one coBB<i\^£^5 
' poncnt of the gas must be at a temperature near 10*-* K. 

The features centered at 99 and 178 A, if produced by a hotX 
ISM, will be produced by clusters of lines. The resolution of ^7> ;;^ 
spectrometer at these wavelengths is not high enough to iA^^ft^ 
ti(y any one emission line in these features. Hence it is nqar " 
sary to generate model spectra and compare them witfa'd 
spectra observed. To this end wc generated synthetic spe^^ 
from isothermal models of the ISM with both slab and cnAgg 
dcd clump geometries using line strengths from RaymonSW 
Smith (1984) and interstellar absorption from Cruddace 'i^ 
(1974) and Morrison & McCammon (1983). The 9Q% and 5 
confidence limits for emission measure, and temperature ' 
slab absorption model with N„ as a fire parameter are s 
in Figure 7. In this model only values of log Nh less lha. 
can fit the data. The results from the embedded clump z 
with Nh ^ ^ *^ parameters are also shown in T 

7. Both Se slal) absorption and the embedded clump fa . 
mal models are dominated by the log T = 5.5 soluiioiL^ 
the embedded dump model includes a large range of alr 
gcomctries, it is consistent with a large range of cmiss- 
sures. To determine values of Numh, ^ ' 
originating from the same gas are necessary. Since on 
of the features observed with the diffuse EUV specif 
originates at log T = 5.5. these data cannot substantia 
strain the N^^in and R parameters, and only solubo 
log N„„to < 18 can be rejected. This restriction cnrT«n 
rejection of any solution with a relatively 
unclumped absorbing medium. 

The results shown in Figure 7 confirm our i 
above for the O v 630 A emission feature. 
thermal model with log T = 5^ P'«>?"^ "J 5,0 j 
or 178 A. To reproduce the observed 99 and 17» ./ 



tear 



Fia r-Rcsulis from fitting 
sported herr. The «>iid ^^^^^^^^ 



and 21. TTie dashed cootoiiis !lJ I» tfc&3 

STlhe fits to the embedded ^^^S^-^ 
log - 17. 18. 19. 2a "nd 21 wc 
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model. with more than one temperature is required. A multiple 
temperature slab absorption model with N„ a free parameter, 
one temperature fixed at log t '5.5, and the Wisconsin B and 
C band intensities (McCammon et al. 1983) included as upper 
HBiits provided an improved fit to the data. This model 
required a total of three temperatures to reproduce the ob- 
served features. In addition to the log T = 5.5 component, a 
solution near log T = 6.8 and log EM - - 1.8 produces 
several Fe xvri and Fe xix lines near 99 A. The other solution 
near log T = 6.0 and log EM = -ZO produces no lines near 
99 A, but it does produce a cluster of Fe x and Fe xi lines near 
178 A. Synthetic spectra were also generated with the plasma 
emission code of Mcwe, Gronenschild, & van den Oord (1985) 
below 300 A, and the code of Stem, Wang, & Bowyer (1978) 
above 300 A. The model-fitting results were always similar to 
the results described above which were obtained with the 
Raymond & Smith (1984) code. 

5. DISCUSSION 

5.1. The 635 A Une 
The 635 A line is consistent with emission from O v at 630 A 
originating in gas at log T — 5.5. This gas will not produce 
onission lines at 99 or 178 A, nor will it produce the observed 
»ft X-ray intensity. This implies that hot gas exists at 
bg T = 5.5, in addition to the gas emitting soft X-rays. In this 
section we examine other evidence for interstellar gas at 
log T = 5.5 and the implications of the O v emission for the 
ISM. 

We first compare the temperature constraints provided by 
our observation with temperature constraints from Ovi 
thsorption studies. The star a Vir (Spica) is 6?6 away fi-om the 
position we observed. This spectroscopic binary is at a distance 
«f 84 ± 25 pc, has a hydrogen column of N„ « 1.0 ± 0.25 
X 10»» cm-^ and an O IV column of iVo vi = 2.69 x 10" 
(York 1974; Jenkins 1978a; Bohlin, Savage, & Drake 
<578; Paresce 1984). The average density of the O vi column to 
«Viris 3.7 times the global average (Jenkins 1978b). 
' Absorption from N v was not observed along the line of 
to a Vir (York 1974). The upper limit to the N v/O vi 
constrains the temperature to 5.53 ^ log T ^ 5.75. York 
^ the line widths to make an independent estimate of 
Sf^Pcr temperature limit of the absorbing O vi gas. In the 
o^ption of a Vir, he finds log T < 5.6. The temperature con- 
fer^nts imposed by our observation of O v emission at 630 A 
nearly identical to the constraints obtained by York and 
»plainable by the presence of gas near 10' * K that 
>rbs O VI radiation and emits O v line radiation. 
" next consider the strength of the 635 A Une and the 
'tions of the inferred emission measure. We use the 
ihip 



EM 



^ /■ path length./is the filling factor of the hot gas, 
^ pressure. Since the total galactic N„ observed in 
fejn^JJ'O" of a Vir corresponds to an attenuation of 10*** at 
fC,; <*»s«ance to a Vir, 84 pc, is a good upper limit to L. 
a^'=^ng log r « 5.5 and log EM S -2J from our results 
3 7*"** ^ *= 84 PC equation (3) limits the pressure to 

'* pressures in diffuse clouds (Jenkins, Jura, & Loe- 
*583) and the pressure inferred from broad-band soft 
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X-ray measurements (Shapiro & Field 1976; Cox & Snowden 
1 986 ; Snowden et al. 1990), 

• The filling factor can be constrained if one assumes that*the 
gas observed in absorption toward or Vir is typical of what we 
observed in emission. With this assumption, the O vi column 
density observed toward a Vir can be combined with our O v 
emission measure to estimate directly the filling factor and 
pressure. The electron density in the O vi absorption regions 
can be estimated by 



(4) 



At log T = 5.5, the O vi/O ratio is 25% in steady state ioniza- 
tion equilibrium (Raymond & Smith 1984; Shapiro & Moore 
1976). With the abundances of Allen (1973X equation ^4) 
reduces to n. = 7.12 x lO^novi* The O vi density is related 
to the average O vi density by the filling factor /:novi = 
<novi>/~*- Combining this relation with equations (3) and (4) 
gives p/k = Z68 X lO-^TEML-^novi)"' and /= 5.07 
X 10'L<novi>* EM**. Inserting the lower limit to the 
observed emission measure and the upper limit to the length of 
the emission region (L ^ 84 pcX we find p/k S 3.0 x 10* cm"^ 
K and 1.5%. This pressure is larger than the predicted 
thermal pressure of the local hot gas. 

If the gas were not in a steady state situation but had been 
heated to log T *= 6 and is now cooling through tog T = 5.5, 
the ionization balance would be shifted, leaving less gas in both 
the O v and O VI ionization stages (Shapiro & Moore 1976). 
However, time-dependent ionization does not change the dif- 
ference between the emission measure predicted from O vi 
absorption and the emission measure observed for O v emis- 
sion, and hence our results would not be altered. 

If the observed 630 A O v emission originates from a noniso- 
thennal gas, an analysis similar to that above can constrain the 
pressure and filling factor of the emitting region. In § 4 we 
showed that a power-law tempCTature distribution (equation 
(2)) can exist only if the minimtun temperature of the gas is 
10^-' K and the exponent of the distribution is negative. Such a 
distribution is not consistent with classical evaporating clouds 
as described by McKec & Cowic (1977). If the cloud evapo- 
ration is saturated, however, a negative exponent of o » —5/4 
describes the temperature distribution in the saturated zone 
(McKee & Cowie 1977; Cowie & McKee 1977). If the lower 
temperature can be held at log T « 5.5, and if the region is 
saturated, it is possible that the observed emission originates in 
a dense interface. With o = -5/4. log T, « 5^. and log T, « 
6.0. the pressure in the nonisotherroal gas is p/l: « 1.23 x 10^ 
jo^injj-i/ij" 1/2 (^-3 ^jjgj^ ^ jj j„ parsecs.The lower limit 
emission measure that is compatible with the data, 
log EM ^ -2J. corresponds to a minimum line intensity of 
3.0 X 10^ photons cm"' s"* sr"*, restricting the pressure to 
p/k^lAx 10y-»/=cm-3K. 

As with the isothermal case, the O vi absorption data for 
a Vir can be used to restrict the filling factor and the pressure 
independently. Combining equations (2) and (4) yields the 
average O vi density expected from a given, temperature dis- 
tribution. Using the steady state ionization fractions from 
Shapiro & Moore (1976) with the maximum emission length 
and minimum intensity derived from our observation, the 
filling factor and pressure are found to be restricted to 
/ ^ 4.0% and p/k ^ 3.7 x 10*. In this case, however, a pressure 
above the ambient ISM pressure is expected. For highly satu- 
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rated evaporation, Cowie.& McKee (1^77) find a relationship 
for this enhancement For the values considered here, a pres- 
sure enhancement of 3.7 would be expected for a cloud size just 
under one parscc 

Regardless of the origin, the 635 A emission observed could 
be a major source of ionization. Reynolds (1983, 1984, 1985) 
has shown that diffuse Ha emission is ubiquitous throughout 
the Galaxy, and widespread sources of flux shortward of 912 A 
are required. Pulsar dispersion measures (Reynolds 1989) indi- 
cate a high scale height for the associated ionized material. 
Since the path length for radiation shortward of 912 A is low, 
this implies that the ionizing source must also have a large 
scale height and be widespread. Transient heating appears 
unlikely, and the steady state ionization rate is more than can 
be provided by cosmic rays, the soft X-ray background, B stars, 
or hot white dwarfs (Reynolds 1986; Bruhweiler & Cheng 
1988). Sciama (1990) and Salucci & Sciama (1990) have argued 
that a variety of observations can be explained by the presence 
of dark matter in the galaxy which decays with the emission of 
radiation below 912 A. 

The fiux of 635 A radiation required to produce hydrogen 
ionization is given by F = Cij/ffi = 4.3 x 10*C-i3 photons., 
cm"^ s~S where C-i3 is the ionizing rate in uiiits of 10" " s" * 
per H atom. Reynolds (1986) estimates that in the inunediate 
vicinity of the Sun, a steady state ionizing rate of C - 13 between 
0.4 and 3.0 is required. To produce this range of ionization, the 
635 A intensity we observe would have to be distributed over 
7%-54%ofthesky. 

5.2. The99a7ui Hi A Features 
The 178 A feature can be produced by a group of Fe x and xi 
lines at log T s= 6. The best-fit emission measure for this gas Is 
log EM « -ZO, implying a pressure of p/fc «= 1.9 x Itffy/fL^ 
cm " ^ K, where Lj is the path length in units of 100 pc. With Lj 
and / near 1, this pressure is only slightly above the overall 
pressure of the local ISM. Bloch (1988) finds that depleted 
abundances are required to fit an interstellar emassion model to 
his Be band data. There is too much uncertainty in otir 178 A. 
intensity to determine if the log T = 6 gas is depleted 

The 99 A feature is best fitted by gas at log T 6.6-6.8, 
where a complex of Fe xvin and Fc xix lines contribute. At the 
temperature of log T = 6.6-6.8, the bulk of the emission will 
be emitted in the 14-25 A range (Raymond & Smith 1984; 
Mewe, Gronenschild, & van den Oord 1985). In the direction 
observed by the diffuse EUV spectrometer, the Wisconsin 
15-28 A Mj band is 3 times brighter than the average high- 
latitude intensity, and the 1 1-20 A M, band is about 2 times 
brighter than average (McCammon et aL 1983X At 
log X 6.6-6.8, the emission measure required to produce the 
Wisconsin M, band count rate is log EM = — 1.9 to — 1.7 and 
the Mj band coiint rate requires log EM = —2.3 to —2.1 
(McCammon et aL 1983). These emission measures are in 
agreement with the lower limit of log EM ^ -2 derived fi-ora 
the observations reported here. 

In regions with similar M band enhancements, Inoue et al. 
(1980) reported a temperature of log T = 6.5, and Rocchia et 
al. (1984) found evidence for two temperatures, log T = 6 and 
log T e= 6.7- The high-temperature component found by 
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Rocchia et al. (1984) has a 90% confidence interval M 
6.63 log T 6.72 and an emission measure betwccn'^^ 
log EM = - 2.0 and - 1.7, which is consistent with our Tesulti:#i? 

6. SUMMARY 

We have designed and built a spectrometer to measure ihc^ 
diffuse EUV astronomical background radiatioa Results fronj ^ 
our sounding rocket observation reveal five emission-line ft30\ 
turcs, two of which appear in first and second order. Tbe"^^ 
strongest emission line is solar backscattercd He i 584 A radi- 'iji 
ation. Solar 304 A radiation resonantly scattered by geo-iji 
coronal He n was observed in both first and second orderi^ 
Each of the three remaining spearal features is consistent with |> 
those expected from hot interstellar gas. Of these features, ibcA^ 
strongest is the feature at 635 A, which we tentatively identifyll 
as 630 A O V emission. This emission, when combined witb'm 
upper limits for other lines which were not observed, restrictsIC 
Jhe temperature of this gas to 5.5 < log T < 5.7, whi^h is cb^M 
sistcnt with temperatures derived from O vi ^bsofpB^^ 
studies. A power-law distribution of temperatures is conststenivg;^ 
with the data only if the minimum temperature is 10*-* K abl^i:: 
the power law of the distribution is negative. . ^Mf ^ ' 

The isothermal models that best fit our O v results ' 
low absorption (log Nh < 17.5) and emission 
log EM = -2-5. If the O vi absorption daU from the ni 
star a Vir is taken as typical for the region observed, t 
filling factor of less than 1.5% and a pressure of more 
3.0 X 10* cm*^ K would be required; such a pr«surc i 
sidcrably out of equilibrium with the interstellar cnviro" 
With a negative power-law temperature distribution si 
that predicted for saturated evaporation of clouds ml 
medium (McKee & Cowie 1977), the a Vir O vj ab^' 
data confine the filling factor of the emission to/i 4/^ 
the pressure to more than 3.7 x 10* cm'^ K. Such a ^ 
enhancement has been predicted for clouds undcrgoin|; 
rated evaporation. Alternatively, if the 635 A 
considerable fraction of the sky, it would be a major, 
ionization. ^; 

The 99 A feature is best fitted by a cluster of I 
Fc XIX lines from gas at log T = 6.6-6.8. Gasj 
perature, however, is consistent with the 11-28 
observations of McCammon et al. (I983X and it i? 
with results found by low-resolution spectral 
(Rocchia et al 1984). The range of emission 
solution b consistent with these previous < 
feature found at 178 A is consistent With Fe x and^ 
sion from gas at log T 6, which is the same 
derived from 44-77 A soft X-ray background obsc 
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Report is made of the detection of atomic hydrogen 
in fractional quantum energy levels below the tradi- 
tional ''ground" state- hydrinos- by X-ray photoeiec- 
tron spectroscopy and by a reinterpretation of soft 
X-ray emissions from the interstellar medium. Hydrino 
formation occurs with the release of energy on nickel 
cathodes during the electrolysis of aqueous potassium 
carbonate. The detection of a new molecular speaes- 
the diatomic hydrino molecule- by high-resolution 
mass spectroscopy is also reported. 




I. INTRODUCTION 

J. J. Balmer showed, in 1885, that the frequencies 
for some of the lines observed in the emission spectrum 
of atomic hydrogen could be expressed with a com- 
pletely empirical relationship. This approach was later 
extended by J. R. Rydberg, who showed that all of the 
spearal lines of atomic hydrogen were given by the 
equation 

where/? - 109677 cm~\ nj- 1.2, 3,..., n, = 2. 3. 
4, , . . . and /i,- > /i/. , 
Niels Bohr, in 1913. developed a theory for atonuc 
hydrogen that gave energy levels in agreement with 
Rydberg*s equation. An identical equation, based on 
a totally different theory for the hydrogen atom, was 
developed by E. Schrodingcr, and independcnUy by W. 
Heisenberg, in 1926: 

(2a) 

/!= 1,2,3.... . (2b) 



where Ah is the Bohr radius for the hydrogen atom, 
52.947 pm, e is the magnitude of the charge of the elec- 
tron, and £o is the vacuum permittivity. 

The purpose of this paper is to describe a number 
of experimental observations that lead to the conclu- 
sion that atomic hydrogen can exist in fractional quan- 
tum states that are at lower energies than the p^ditional 
"ground" (n = 1) state. Explicitly, we propose that the 
energy-level equation for atomic hydrogen is as given 
in Eq. (2a), but the restriction on "n." Eq. (2b), should 
be rcplaiced by Eq. (2c): 

n = 1.2,3 and /i = l.i,i,... . (2c) 

The complete theory is given elsewhere.'-^ The central 
feature of this theory is that aU particles (atonuc-aze 
particles and macroscopic particles) obey the same phys- 
ical laws. Whereas Schrodinger postulated a boundary 
condition: ♦ - 0 as r-^ c», which leads to a purely math- 
ematical model of the electron, the boundary condition 
in this theory was derived from MaxweU's equations : 
For non-radiative states, the current-density func- 
tion must not possess space-time Fourier compo- 
nents that are synchronous with waves traveling at 
the speed of light. 
Appfication of the latter boundary condition leads to 
an entirely different model of particles, atoms, mol- 
ecules, and to a very different concept of the nature of 
the physical universe.'-^ . ^ ,„ c ii 
This paper has been orgamzed as foUows: Sec. 11 
describes the determination of excess heat release dur- 
ing the electrolysis of aqueous potassium carbonate 
and how a catalytic reaction of atomic hydrogen from 
/I = 1 to fractional quantum energy levels accounts for 
tiiis excess heat. Section III describes the experimental 
identification of hydrogen atoms in fractional quantum 
energy levels -hydrinos- by X-ray pholoelectron spec* 
troscopy (XPS) of the electrodes from these electrolytoc 
cells. Section IV describes the experimental identifi- 
cation of hydrinos by emissions of soft X rays from 



FUSION TECHNOLOGY VOL. 28 NOV. 1995 



1697 



Mills and Good 



FRACTIONAL QUaTTtUM ENERGY LEVELS 



the dark interstellar medium . Section V describes the 
experimental identification of hydrogen molecules m 
fractional quantum energy levels -dihydnno mole- 
cules -by high-resolution magnetic sector mass spec- 
troscopy. Section VI gives a summary. 

n. EXCESS HEAT RELEASE DURING THE ELECTROLYSIS 
OF AQUEOUS POTASSIUM CARBONATE 

lU. Calorimetry Methods 

Pulsed-currcnt electrolysis of aqueous potassium 
carbonate at a nickel cathode was performed in a single- 
cell calorimeter. The cell operated at 50'C and was de- 
signed to have primarily conduaive and convective heat 
losses to a water-cooled condenser. The output power 
was determined by flow calorimetry of the condenser 
coolant and the input power was measured with a power 
meter. 

The calorimeter/electrolysis cell. Fig. 1 . was a 16.5-r 
vacuum-jacketed dewar* with a 4-in. inside diameter 
Ci,d.) opening. A 60-in.-Iong x 3.9-in. outside diameter 
(o.d.) glass lest tube liner (11,5 f) was placed in the 
79.75-in.-long dewar. This inner glass tube liner held 
the cathode, the anode, and the electrolyte. The calo- 
rimeter was sealed with a 3-in.-thick machined Teflon 
cap with two outer-diameter Vitron O-rings. The cap 
had perforations fitted with glass sleeves having inner- 
diameter Vitron O-ring seals*' for the electrode leads 
and the condenser. The Graham condenser was a 
10-mra-i.d. glass spiral, 35 cm in length, which was 
sealed in a 5-cm diam cylindrical water jacket Tygon 
tubing connected the iiilet of the condenser to a peri- 
staltic pump, the outlet of the condenser to a 5-gal res- 
ervoir, and the reservoir to the pump inlet. The water 
coolant reservoir was maintained at ambient tempera- 
ture by a constant temperature chiller.** The condenser- 
water flow rate (±0.1 ml/min) was measured from the 
digital readout of the peristaltic pump* and confirmed 
with a stopwatch and volumetric measurements. The 
condenser-water inlet temperature (±0.1 ^'Q and out- 
let temperature (±0.1**C) were each recorded with a 
microprocessor thermometer' using a type K thermo- 
couple, which was inserted into the inlet or outlet of the 
condenser. The temperature i±O.VQ of the electro^ 
lyte was measured with a microprocessor thermometer 
using a type K thermocouple inserted through the Tef- 
lon cap. The resistance heater used during the calibra- 
tion of the efficiency of heat transfer to the condenser 
was a 120 V/600 W Incoloy-alloy-coated* hermetically 



•International Cryonics, Inc. 
''Ace Glass 7644. 

*At-Mar Glass. ^ 
OYamaio-Komaisu Coolnics Circulator CTE 24A. 
'Masicrflex Microprocessor Pump Drive, model 7524-00. 
fOmegaHH2I. '.^ , 

•INCOLOY is a trademark of the Inco family of compamcs. 




Fig. I . The calorimeter/electrolysis cell: I = vacuum jack- 
eted dewar, 2 = electrolyte thermistor, 3 = conduc- 
tivity sensor, 4 = nickel anode, 5 « nickel cathode, 
6 = Teflon spacer. 7 = resistor heater, 8 = Teflon 
cap, 9 « condenser, 10 = peristaltic pump, 1 1 = in- 
let thermistor. 12 = outlet thermistor. 13 = water 
reservoir, 14 = condenser inlet tubing. 15 = con- 
denser outlet tubing. 16 = reservoir to pump tubing, 
' 17 = power supply, function generator, power me- 
ter, 18 = oscilloscope, 19 = insulated cap. 



sealed heater.** The power was suppUed by a constant 
power (±0.1%) supply.* The voltage (±0.1%) and cur- 
rent (±0.1 %) were recorded with a digital multimeter.^ 
The general form of the energy balance equation 
for the cell in steady state is 

0 = /*£„ + P«-Pio« . (3) 



"Watlow G8A53-NT96. 
'Invar, model #TP 36-18. 
' Jnuke 8600A. 
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where is the input power; P„ .s A^^^^^^P"^" 
generated (the source of this power is described later 
S parer); and is the thermal power loss from 
the «U in th;=s. experiments, the appBed voltage K , 
was an intermittent square wave with current / only 
during the high-voltage interval of the cycle. Thus, the 
input power is given by 

,Pir,= iyappinDc, (4) 

Where Dc is the dnty cycle- the pulse length divided by 

When an aqueous solutioii is electrolyzed to liber- 
ate hydrogen and oxygen gases, the input power can be 
partitioned into two terms* 



(12) 



This method overestimates the ^^^"^.^^^ 

is no elcarolysis gas flow (which adds to the heat losses 

other than to the condenser). 

During electrolysis, then, the output power Four « 

given by 



gas 



(5) 



Pcdr 

eff 



(13) 



where Po,rr, is the ohmic power that heats the cell and 
P^^is the power needed to produce the and O: 
gases, 

H20(/)-^H2(§)+i02(g) . (6) 

An expression for/^ ^*«^> ^? ^eadUy obtain^ frorn 
the known enthalpy of formation of water (AH/ - 
-286 kJ/mol): 

AH^ -286 X 10^ J/mol _ y 

~ 2 X 96484 C/mol 

where a is the number of moles of electrons iiivolved 
in the reaction andFis the faraday constant. The net 
f araday efficiency of gas evolution is assumed to be 
unity. Thus, the ohmic power is given by 

Fo>.= (^-PP/-l-48)/X>c. (8) 

The thermal power loss from the ceU can be paru- 
tioned into two terms: 

Pto^=^Pc<lr'^Poiher 

Where Prdr is the power lost to the condenso- and Pother 
h mher1>owerL^ (e.g., hot g^ses,^^ .^^^^^^^^^^ 
through the condenser before reaching l^eni^al equi- 
librium; conductive heat losses from the cell to the 
ro^m) Power losses to the condenser, P^r. are given 
by 

Pc^ = vC,{To-Tr). 00) 
where v is the ftow rate of the water through the con- 
denir c' is the specific heat of water at constant 
(^184 J/gT); Tr is the temperature ofjhe 
Snsei-water at the inlet; To is the temperature of 
the condenser-water at the outlet. 

Power losses other than to the condenser were de- 
termined with no electrolysis processes occurring by 
u™ng on an internal resistance heater to give a cell 
temperature of 50«C and inferring the effiaency £ 
from the ratio of the measured condenser losses to the 
power dissipated in the heater Phrr- 

Pktr^yHtrJHtr 
FUSION TECHNOLOGY VOL. 28 NOV. 1995 



Data poims {V^p^i. h Dc. v. To, Tj, /%^) ^f/^ 
taken every two min. The total energy input Ei„ is tne 
summation over n data poims of input power X time 
imeirals Ar,-. The value Pi„ for each data point is ^ven 
by Eq. (4) for the electrolysis experiments and by 
Eq. (11) for the resistance heater experiments: 



(14) 



Similarly, the total energy output E^*// >s the suinma- 
lion over n data points of output power x time inter- 
vals Af,-, where i>«,. for each data point is given by 
Eq. (10): 



1 " 



•cdr 



(15) 



II.B. Electrolysis Methods 

Each cathode was a 30.5-cm-wide ?< If-??"'^! 
100 X 100 mesh, O.OOSl-cm-diam nickd 200 we 
cloth' that was sewed on one long edge with 0.38-nun- 
dSS ikkel wire to a 244^-l<>»8. fi-.^'-mm-Aam 
nickel 200 rod' that also served as the lead. Eadh caA- 
SSe was cleaned by placing it in the gtoss test tube hner 
containing 0.57 A/ JfjCO,/3% X = K for Ae 

K2CO, experiments and X = Na for the NajCO, 
perimentsrror 30 min and then rinsed with distilled 

'*''l;ch anode was a 2^cm-wide x "OO^j^??*^ 
0.080-in.-thick nickel fiber mat with 0.80 g of NiO p« 
square inch" that was sewed on one ong edge with 
a38.mm-diam nickel wire to a 2^-^^' f •f^-'S?: 
diam nickel 200 rod' that also served as the 'efd. TTie 
anodes were cleaned as mentioned earher fm the rath- 
odes The anode sheet was wrapped around the cath- 
^fandal-mm-thick Tenon meshsheetwasin^^ 
to prevent contact between the cathode and the anode. 

As usual in electrochemistry, measure were tak«i 
to avoid impurities in the system, espeaally or^mc 
^bstances. We note here the known problems with the 



•■Belleville Wire Qoth Co., Inc. 
'Williams. 

"National Standard 80/20 Fibrex. 
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reproducibiUty of the hydrogen overpotenUal, which 
can be overcome only by ensuring the lowest possible 
level of impurities. The foDowing procedures were used 
in order to reproduce the excess heat effect. Before 
starting the expenment, the electrolysis dewar liner was 
cleaned with Alconox and 0.1 A/ nitric acid and nnsed 
thoroughly with distiUed water to remove all orgamc 
contaminants. The nickel cathode and anode were han- 
dled with rubber gloves. The electrodes were cut and 
folded in such a way that no orgamc substances were 
transferred to the nickel surfaces. The electrodes were 
assembled in the glass test tube, which was sealed with 
the TeHon cap; the leads penetrated the cap. The glass 
liner containing the electrode assembly was inserted into 
the dewar, and the condenser was inserted through a 
perforation in the Teflon cap. The electrode leads were 
then connected to the power supply, and electrolyte was 
added under electrolysis voltage. The elecuodes were 
never left in the electrolyte without electrolysis current. 

The electrolyte level was maintained to full by ad- 
ditions of distiUed water through the condenser (to re- 
place water lost through electrolysis). A drop in the 
electrolyte level of 50 ml below full was indicated by 
an open circuit resistance reading of two nickel leads 
that penetrated the Teflon cap. 

A Kepco ATE-IOOM constant current supply was 
programmed at 15.0-A peak current (±0.05<7o) and 
driven by a function generator" to produce a square 
wave. The time average voltage, current, and power 
were measured with a digital V-A-W meter.* The volt- 
age, current, and power readings of the power meter, 
as well as the temperature data of the microprocessor 
thermometers were acquired every 2 min over the dura- 
tion of the experiment by the data acquisition system - 
an Apple Mac II SI 5/80 with a NU bus adapter and 
the following G W Instruments. Inc. hardware: GWI- 
625 Data Acquisition Board; GWI.J2E Multiplexer; 
GWI-ABO Analog Breakout System; GWI-34W Rib- 
bon cable. The peak current was determined from the 
voltage measurement (±0.1%) across an Ohio Semi- 
tronics CTA 101 current transducer. The peak voluge, 
offset voltage, duty cyde. and frequency measurements 
were made with an oscilloscope.** 

For experiment 1 , the electrolyte solution was 1 1 f 
of 0.57 M aqueous K2CO3 (Aldrich K2CO3 ♦ JH2O 
99-^%). The current-voltage parameters were as fol- 
lows: a periodic square-wave having an offset voltage 
of 1.51 V (1 .51 V was applied at zero current); a peak 
voltage of 2.10 V; a peak constant current of 15.0 A; 
a 15.OV0 duty cyde; a frequency of 1 Hz. Experiment 1 
was run for 14 days. Experiment lA was the calibra- 
tion of the efficiency of heat transfer to the condenser 



"BK Prcdsion Dynascan Corporation, model 3011. 
*Clarke-Hess Commxmicaiions Research Corp., modd 259 

power meter Dc to 30 kHz with an IEEE-488 bus option 

and a 50-A shunt for Dc to 1 kHz. 
Tektronix 10-MHz storage osdlloscope T912. 
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for Experiment 1 without dectrolysis. Experiment 1 A 
was run for 7 days. 

For Experiment 2, the decuolyte solution was 1 1 f 
of 0.57 M aqueous NajCOj (Aldrich NajCOa A.C.S. 
primary standard 99.95+<?o). The current-voltage pa- 
rameters were as follows: a periodic square-wave hav- 
ing an offset voltage of 1 .49 V(l .49 V was applied at 
zero current); a peak voltage of 2.01 V; a peak constant 
current of 15.0 A; a 15.0*70 duty cycle; a frequency of 
1 Hz. Experiment 2 was run for 7 days. Experiment 2A 
was the calibration of the ef fidency of heat transfer to 
the condenser for Experiment 2 without dectrolysis. 
Experiment 2A was run for 7 days, 

II.C. Calorimetry and Electrolysis Results 

The calorimetry parameters, the dectrolysis param- 
eters, and the results of Experiments 1 and 2 are given 
in Table 1. The calorimetry parameters and the results 
of the effidency determinations. Experiments lA and 
2A, are given in Table II. 

For Experiment 1 , the ceU was disassembled and in- 
spected after 14 days of continuous operation. This m- 
spection showed no visible signs of a reaction bclw^ 
the electrodes and the electrolyte. The pH, speafic 
gravity, concentration of K2CO3. and the elemental 
analysis of the electrolyte sample taken after 14 days 
of continuous operation were unchanged froni that of 
the values obtained for the electrolyte sample taken 
before operation, see Table III. Results of demental 
analysis of a sample of the nickd cathode taken before 
operation of the ceU and a sample taken inunediately 
after day 14. Table IV. showed that the nickd cathode 
had not changed chemically. Photomicrographs of a 
sample of the nickd cathode taken before operaUon 
and a sample taken immediately after day 14. Fig. 2, 
were identical, indicating that the nickd cathode had 
not changed physicaUy. The water volume added to 
the cell per 24 h to maintain a constant fill levd was 
19 1 ml. The volume consumed by faraday losses (con- 
ve^ion to H2 and O2) is calculated to be 18.3 ml. Thus, • 
the maintenance water volume exceeded the faraday 
losses by 4.4% due to loss by atomization (small water 
droplets swept out of the system) during electrolysis. 

ILDl DiscDssiim 

The foUowing can be seen from Tables I and II: 
1. Substantial excess power was produced during 
the dectrolysis of the aqueous potassium carbonate. 
The average output power of 24.6 W exceeded the av- 
erage ohmic power of 1 .40 W by a factor > 17. During 
the elearolysis of the aqueous sodium carbonate, how- 
ever, the output power and the ohmic power were com- 
parable. 1.08 and 1.19W,respecdvdy. The excess powCT 
in the case of aqueous potassium carbonate cannot be 
attributed to recombination of the evolved hydrogen and 
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TABLE! 



Experiment 


Inpul a 
Solution 


nd Output 
±0.01 V 


Farameiei 
±0.10 w. 


rs ivr MK X. 

Pohm 

±0.04 W 


Duration 
(days) 


±0.12 MJ 


Average 

Prdr 

(W) 


Average 

Pcuf 

(W) 


Pa 

Pohm 


(MJ) 


1 
2 


K3CO, 
NajCOj 


2.10 
2-01 


4.73 
4.52 


1.40 
1.19 


14 

7 


5.72 
2.73 


24.5 ± 0.4 
1.08 ± 0.02 


24.6 ± 0.5 
1.08 ± 0.02 


17.6 
0.91 


29.8 ± 0.4 
1.31 ±0.02 



•Here. / = 15.0 ± 0. 1 A. i>c - 0.150 ± 0,003. and 1//- 0.996 ± 0.012. 



TABLE II 

TT,e Power Input and Output Parameters for the ^eterniination o^^^ Efficiency 
The i-ower inp ^^^^^ ^^^^ Electrolyte to the Condenser 



Experiment 



lA 
2A 



Solution 



KjCOj 
NajCOj 



Vfar 

±0.01 V 



12.34 
12.34 



±0.001 A 



0.532 
0.531 



Phu 
±0.01 W 



6.56 
6.55 



Duration 
(days) 



Eu, 
±0.01 MJ 



3.97 
3.96 



Pcdr 

±0.10 w 



6.54 
6.53 



Efficiency 
±0.012 



0.996 
0.997 



TABLE III 

Chemical Analysis of the K^COj Electrolyte of 
Experiment 1 Before and After 14 Days of Operation 



Flame emisaon spectrographic analysis 

Mainly Potassmm 
Slight trace (100 to 1000 ppm) Sodium 
Very slight trace (<10 ppm) Magnesium 

Specific gravity = 1 .062 

Croncentration = 0.63 Af K2CO3 

Solution pH = n .1 



TABLE IV 

name Emission Spectrographic Analysis of the Nickel 
aoth Cathode of Experiment 1 Before and 
After 14 Days of Operation 



Mainly' Nickd 
Trace (O.I to 0.5%) Magnesium 
SUght trace (100 to lOOO ppm) Copper 
Very slight trace (10 to 100 ppm) Manganese 
vSf vc^.sUght trace « 10 ppm) Titanium, sodium, silver. 
. ' aluminum, iron, 

chromium, silicon 



oxygen gases because the average output power grwtly 
exceeded the average input power (by a factor >5). 

2. Substantial excess energy was produced during 
the electrolysis of the aqueous potassium carbonate. 

FIKION TECHNOLOGY VOI. M NOV. >»5 



The energy output of 29.8 MJ exceeded the eneror m- 
pmof 5.72 MJ by 24 MJ. For the electrolysis of the 
aqueous sodium carbonate, however, thvn"B'°"|- 
put was considerably less than the energy 3)^ 
fe the expected result because toost of the «5"8y 
is consuiMd in the conversion of water to and Oj. 

3. The excess power and energy that is Produwd 
during the electrolysis of aqueous powssium carbon- 
ate amnot be attributed to an error in the >n«?"°°?? 
of the efficiency. 0.996 (Table 11). ^f'^y^''^ 
value is too high. During de«"'y*« 
drogen and oxygen gases must " J^^\ 
other than to the condenser and the efficwa^ is. un- 
doubtedly, closer to the ratio iV//U« » oqjcmnent 2, 
1.08 W/1. 19 W or 0.91. 

Given these observations and (a) that the VOI^^ 
ion and the sodium ion are chemically^. ^ 

the anion in the dect'oly*'*^ ^^'^^^^f^Vd ^th- 
carbonate), (c) that the composition of Ae 
^e used in the aqueous potassium carbonate elertro- 
?^e was the same before and after ««<«r,^'y^» <^ 
d«ermined by elemental »?"ly*«>;^'*,i1> ^^^''^j 
ical analyas for potasaum ion. »rl»'^»V°°;f"' f^, 
s^fic gravity hidicated no change m the elecuolyte 
aSXf the elecirolysis-we conclude that excess 
he^tl^d .mergy were produced in the dertrolysis of 
i^um carbonate and that no chamc^ «- 
S involving the electrodes or the electrolyte is the 
source of that excess heat. i™ 
Similar excess heat results have been reported by 
Mjns*-* and others.*-' 
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176X 

Fig 2 Photomicrographs of mciallurgical samples of the 
nickel 200 wire cloth (cathode) taken at day 14 of 
continuous operation. 



ILL Relationship tp Fractional Quantom EnersY 
Uveb of Atomic Hydrogra 

Excess energy during the dectrolysis of water in the 
presence of potassium ions but not in the presence of 
sodium ions is consistent with an electrocatalytic. exo- 
thermic reaction whereby the electrons of hydrogen at- 
oms are induced to undergo transitions to quantized 
energy levels of lower energy than the conventional 
"ground state." These lower energy states correspond 
to fractional quantum numbers as given in Eqs. {2z^ 
and (2c). According to the novel atomic theory, • 
transitions of atomic hydrogen (n = 1) to these lower 
energy slates are stimulated by the presence of resonani 
energy holes (energy sinks or means to remove energy) 
of 27.2 eV (the potential energy of a hydrogen atom m 
the « = 1 state; derivation in Refs. 1 and 2). Transitions 
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to these lower energy states occur with the release of 
"energy and with a commensurate decrease in size of the 
hydrogen atom,*-^ r„ = nan- For example: the transi- 
tion H(/i = 1) to H(n = i) releases 40.8 cV, see Eq. (2a), 
and the hydrogen radius ciecreases from Ah to JaH- An 
energy hole that is an efficient catalytic system for these 
atomic hydrogen transitions involves the potassium 
ion, The second ionization energy of potassium is 
3 1 .63 eV (vacuum level); this energy hole is too high for 
resonant absorption of 27.2 eV. However, K"^ releases 
4 34 eV (vacuum level) when it is reduced to K. The 
combination of K"^ to K^"^ and to K, then, has a 
net energy change of 27.28 eV (vacuum level). Thus, the 
stimulated transition can be written as 

27.28 eV + K+ + K+ + H(/i = 1, r= ffw) 

-K + K2^ + H(n = i,r=f)+40.8eV. 

The K atom and the K^* ion will transfer an electron 
with the release of energy; 

K + K2+ + K+ + 27.28 eV . (17) 
The overall, catalytic reaction is 
H(n = 1, r= fl„)-H(ii = 1, r= ^) + 40.8 eV . 

(18) 

Thus, each (/i = 1) hydrogen atom that undergoes this 
uansition releases a net of 40.8 eV. Additional catalytic 
transitions arc possible: rt-i-*J.3"^4»i~'5» 

so on. , , . I 

These transitions are. apparently, taking place on 
the nickel cathode during the electrolysis of aqueous 
potassium carbonate. Atomic hydrogen is produced at 
the cathode surface during the electrolysis (part of the 
process of reducing HjO to H2). The juxtaposition of 
. the hydrogen atoms and potassium ions in the electro- 
lyte is an ideal configuration for the catalytic transition 
of hydrogen to fractional quantum energy levels. The 
observed "excess heat" is. we suggest, a consequence 
of these atomic hydrogen transitions. 

N^ect, for the moment that H(n « J) can form 
a diatomic molecule (called a dihydrino; Sec. V of this 
paper). Equation (18) predicts that 40.8 eV is released 
per H atom transition to the n = J quantum state, 
which corresponds to 8 MJ/mol of H2. In contrast, 
only 286 kJ is consumed by dectrolyzing 1 mol of HjP 
to produce 1 mol of Hj, see Eq. (6). Thus, the excess 
energy produced in experiment 1 of 24 M J (which also 
produces 14.1 mol of Hj) could be accounted for by 
the conversion of 21 of the hydrogen atoms from the 
n = 1 state to the /i = J state. 

For sodium ions, no electrocatalytic reaaion of 
-27.2 eV is possible and the analogous reaction for so- 
dium k not an appropriate catalytic reaction to produce 
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lower energy hydrogen atoms. For ^^^I'-f^^^^^ 
of energy is absorbed by the reverse of the reaction 
^ven in Eq. (17) where Na+ replaces K . 

. Na+ + Na* + 42.15 eV -» Na + Na" • C19) 
Almost an elecuolysis experiments 
to theaise of Na,CO,. which does not provide an en- 

heat. 

m. IDENTIFICATION OF HYDRIWOS- HYDROGEN ATOMS 
IN FRACTIOMAL QUANTUM ENERGY LEVELS -BY XPS 

The X-ray photodectron spectroscopy g^^) 
nable of measuring the binding energy. of each 
^itS^olTLatom-Aphotonsou^^^^^^ 
is used to ionize electrons from the sample. The ion 
ized electrons are emitted with energy ^Armeiic .. 

"where £ is a negli^ble recoil energy. The kinetic en- 
Trri^ of t^e e^tted elecuon^ are measured by me^ur- 

incontrovertible identif.cation of an/'°f • j. ^ 
The binding energy of various hydnno states IS eas- 
ily cIliuSlq420andTableV.Thetech^^^^^^ 
XPS was used to search for the n = i hydnno. -- 
- 54 4 eV because it is closest in energy to the n -- 1 state 
of hydr'o^and, therefore, predicted to be the most 
abundant: 

„_1 1 i . . (21) 



TABLE V 
BindingEnergiesof^eHydri^^^^^ 



£,= -Ll3.6eV 



■ 2' 3' 4' 



n 


£ 

(cV) 


I 

i 
i 
J 


13.6 
54.4 
122.4 
217.6 



Sample 1: 



Sample 9: 



IILA. Experimental Method 

A series of XPS analyses have been made on (a) 
nickd S« used in elStrolysis of aq»^'«' Pf"^ 
Sum carbonate and aqueous «^"f",«^^'7«',^>C, 
cursor (nickel) electrode "I"*"'': ^"t^t,^^ 
standards. The XPS was performed W the Zettlemoyer 
C^"for Surface Studies. Lehigh Universrty. 

^e instmment con<Utions were similar for all of 
the in aU cases a high quaUty spe«r~ 

S^tainrfoveraminimumbinding^e^y^n^^ 
tn 0 eV This energy region completely covcts me ni 
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ately with distilled water, and dried ^th » N|^r*^. 
TZ^e of suitable size was cut from the electrode. 

XPS Each had a slighUy different history two dif- 

w« LsThiX electro'lyte; 99.95V. Na.CO, w;^ u«d 
ta"he electrolyte; some were d««'o>^^.^„^^''^^ 

«di of Uie sai^ples discussed in this manuscript is given 
as follows: ^ 

Nickel foil. K,CO, (Alpha W+VO 
electrolyte. Platinum anode JNo «Jo- 
rimetry performed during electrolysis. 
Nickel wire. KjCO, (Puratronic 
99 999%) electrolyte. Nickel anode. 
The K2CO3 electrolyte was further pu- 
rified by preelectrolyzing: the electro- 
lyte was prepared and rie«'°»y^«5 
a "dummy- nickel «»th°de for 
1 month; the "dummy" nickel elec- 
trode was then replaced with the rackel 
wire (sample 9). Calorimetry was per- 
during electrolysis. CeU was 
producing "excess" heat. 

Sample 14: Nickel wire. Na^COj (99.95%) 
bampie ^ ^.^^^^ The NajCO, 

electrolyte was further purified by pre- 
electrolyzing as described for ample 
9 Calorimetry vras performed during 
electrolysis. CeU was not produang 
"excess" heat. 
Soeciroens of pure elements and the pasavation ox- 
ides o'^TesTelem'ents that were analyzed toprov,^ 
it^dards were not given sample numbers. The pr^ 
Son c^ "Aliens f fr these specimens are hsted on the 
figures or given in the figure capuons. 
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IH.B. ResDhs and Discussion 

A survey spectrum of sample 1 is shown in Fig. 3. 
The primary elements are identified on the figure. Most 
of the unidentified peaks are secondary peaks or loss 
features associated with the primary elements. Tin is 
clearly a major contaminant of the surface composition. 

Figure 4 shows the low binding energy range for 
sample 1 . Again, tin is seen to be a major surface con- 
taminant. Magnesium and chromium are also present. 
The broad peak labeled. A' is the one of most interest 
because it falls near the predicted binding energy for 
the hydrino (n = i), 54.4 eV. It has a full-width at half- 
maximum (FWHM) of about 5.1 eV, and it is centered 
at a binding energy of 54.6 eV, It is important to note 
that binding energies in XPS are measured relative to 
the fermi level, not to the vacutim level. Although the 
agreement is remarkable, it was necessary to eliminate 
all other possible explanations before assigning the X 
feature to the hydrino. Elements that potentiaUy could 
give rise to a peak near 55 eV can be divided into three 
categories: fine structiue or loss featiu-es associated with 
one of the four major surface components— nickel, 
platinum, tin, zinc; elements that have their primary 
peaks in the vicinity of 55 eV- lithium; elements that 
have their secondary peaks in the vicinity of 55 eV- 
iron. To examine these i>ossibilities, several experiments 
were performed. 

Nickel, Nickel was the cathode material. Figure 5 
shows an expanded scale spectrum of (unused) nickel 
foil material that has undergone a variety of treatments 



ranging from clean metal (scraped in vacuum) to room 
temperattire oxidation in pure O2 (30 kPa for 15 min 
at room temperature) to air passivation at room tem- 
perature. Examination of this figure shows no evidence 
for any spectral features in the range of interest. The 
X feature is not from nickel or nickel'oxide. 

Platinum. Platinum was the anode material in the 
electrolysis and was found in the survey spectrum of 
sample 1. The Pt Spsn falls at 51.4 eV-closeto the 
54.6 eV feature and close to the predicted binding en- 
ergy of the hydrino, 54.4 eV. From a spectrum of pure 
platinum, it was determined that the area ratio of the 
Pt 5p3/2 peak to the total Pt 4f peak is 0.043. In the 
spectrum of sample 1 , the area ratio of the X feature 
to the Pt 4f peaks is 0.75. The area of A' is about 17 
times too large to attribute the peak to platinum. Further- 
more. Fig. 6 shows that the platinum peak position does 
not match that of feature X; platinum is eliminated. 

Tin. Tin was found in the survey spectrum of sam- 
ple 1. Figure 6 superimposes four spectra: sample 1, 
clean tin metal, thick tin oxide, and platinum metal. 
Clean tin metal has a bulk plasmon peak at —53 eV. 
However, this plasmon peak is several times weaker 
than the plasmon at 38.7 eV. The 38.7-eV peak does not 
appear in the spectrum of sample 1. Thus, the X fea- 
ture cannot be assigned to tin metal. The thick tin ox- 
ide spectrum shows no structure in this energy range. 
Comparison of the tin peaks in sample 1 and the tin ox- 
ide peaks indicate that most of the tin signal is from ox- 
idized tin. Feature A* is not from tin or tin oxide. 




200 



Paoo 1000 

Fig. 3. The XPS survey spectrum of nickel (foil) sample 1. Primary impurity elements arc identified. 
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Rgl 4. TCeXPS spectrum of nickd sample I in the low-energy region, 



10 0 
. It shows feature X centered at 54.6 eV. 



Zfnc. 2iK was foimd in the survey spectrumjf 
sample 1. Zinc was eBminated using simdar arguments 
as those used to diminate tin. see Rg. 7. 

Lithium. First, the lithium Is peak is ^"^^^ 
betow ttoTof featieX. Second, if feature X was due 
SiX the lithium would be in thefoTOoftah.^ 
«dde and the oride peak would be off scale. Third. 
U U oMk is quite narrow whereas feature .Sf is broad. 
FoSt 3e of the nickel w«ana^by ume- 

of-flight secondary ion mass sP«*^o*?.W„ffi^ 
Simandnolithinmwasfound.FeatureXisnotfrom 

lithium. 
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Iron lion has a 3p peak in this ri^on. The pri- 
mai7Tonp^.the2plevels. areobjwedbythev^ 

S nickjXuger lines. ^V^^;',^^'^^^,^ 
dean iron suggest that iiOT eoncenttahons of <l''*^'^ 
at^ to nick^ should be discermble m the Fe^ «- 
«^ re^o^The intensity of the X feature is sud. that 
tf§«&ure was assigned as Fe3p. the uoncon^j- 

uation would be -10% and theFe ZP*"!^^ be^ 
cenuble from the nickd Auger hnes-b^ it b not. Irc« 
be diminated by noting flie shift m hmdn^ a- 

^ of featureXupon heating. Figure 8 ov«rtW 
^^•^nple 1. «n»ple 1 heated to -700»e, wid 
S'Srf i air f« 26 days. Note that heating 
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Fig. 5. TJ»c XPS spectra of unused nickel foil subjected to various conditioning treatments. 



shifts the centroid to a higher binding energy. Heating 
under ultrahigh vacuum (UHV) conditions tends to re- 
duce oxides and shifts peaks to lower binding energies. 
This is clearly evident in Fig. 9 which shows the Sn 4d 
spectrum of sample 1 before and after heating. If fea- 
ture A' is an Fe 3p peak, the expected result would have 
been a decrease in the binding energy upon heating. 
Feature X is not ftom iron. 

To further eliminate the possibility that feature X 
was due to the impurities mentioned, four additional 
measures were taken for the conditioning of sample 9: 

1. use of a higher purity nickel wire 

2. usiugnickd as the anode (rather than platinum, 
which was an impurity source in sample. 1) 

3. use of 99.999<9b KjCOj 

4. the potassium was preclectrolyzed (see sample 
9 description earlier). 

In addition, sample 9 was taken from a calorimeter/ 
electrolysis cell known to be producing more power 
than the total input power. Only two impurities were 
found in the survey spectrum of sample 9: potassium, 
suggesting that the rinsing may not have been complete, 
and indium at a very, low level (undoubtedly from the 
iiickel wire). This sample was also analyzed for iron 
by dectron-disperavc spectroscopy {EDS), Auger, and 
TOF-^IMS at the Idaho National Engineering Labo- 
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ratory (INEL)-no iron was found above the detection 
limit, -0. 1 Vi>. The XPS results were confirmed at INEL 
and Charles Evans & Associates foflowed by time of 
flight-secondary ion mass spectroscopy (TQF-SIMS) 
analysis of the nickel surface at Charles Evai^ & As- 
sociates. The Charles Evans & Associates TOF-SIMS 
results were negative for iron and negative for lithium. 
Figure 10 shows the lower binding energy porticm of the 
spectrum for sample 9 (99.999% KjCOj). Feature A" is 
closer to 57 eV. but it is very similar in shape to the fea- 
ture of other nickel samples using aqueous K2CO3 as 
the electrolyte. The spectrum of sam^c 1 is overlaid for 
comparison. , 

As an additional control experiment, mckel from 
a sodium carbonate cell that was not producing excess 
heat was examined. Sample 14 is the exact analog of 
sample 9-exccpt for tii,e difference in dectrolytc. The 
low energy portion of the spectrum of sample 14 (nickel 
caUiodc from Na2C03 electrolysb) is shown in Fig. 11. 
There is only a small trace of magnesium in the re- 
gion of interest. Feature X is not present and was not 
found on any spectrum of nickel samples from aque- 
ous Na2CX)3 electrolysis. Vigare 12 is an ovcriay oftbe 
spectra of sample 9 (K2CO3) and sample 14 (NajCOs). 

In summary: 

1 . Nickel cathodes used in the electrolysis of aqiie- 
ous K2CO3 (no calorimctry measuremente taken) had 
a broad peak at 54.6 eV-dose to Uic predicted vacuum 
binding energy of the hydrino (n = J), 54.4 cV. 
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Fig. 6. Overlay of four spectra: sample 1; pUUnum; tin; tin 
feature X. 



oxide. These impuriUes have smaller binding energies than 



I 
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fig. 7. OverU^rfU«especW:«unpIe.I:Zn;ZnO.Th«ebadingenergi«<teno.^ 

ousK^CO, (99.999%) where ealonmeliymeasuiemaits vanoiis owuzmg ctooiuuib 

hadshoWthathecenwasproducmgmwpowoth^ range. 

the total mput power, also had a teMd p^ doM to j^jckd cathodes used in the dectrolysis of aque- 

the predicted btoding energy of the hydnno (n - J), ^^^^^^^^^j „ot have a peak in this range. 
54.4 eV. 
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Fig. 8. Overlay spectra: sample 1; sample 1. heated; sample 1, stored. Heating shifts feature to a higher binding 



5. Efforts to identify this peak as one of the sur- 
face contaminants or as another element with a primary 
or secondary peak in this energy range have failed. 

The data are consistent with the assignment of the 
broad 54.6-eV peak to the hydrino, H<« = i). The ab- 
normal breath of the peak is consistent with the pres- 
ence of both H(/i = i) and the corresponding molecule 
described in Sec. V. 



(V. IDEIITIFICATIdll OF FRACTIOIIAL OUABTUM EBERGY 
LEVELS OF HYDROGEN BY SOFT X RAYS 
FROM THE DARK INTERSTELLAR MEDfUM 

The first soft X-ray background was detected and 
reported^ about 25 yr ago. Quite naturally, it was as- 
sumed that these soft X-ray emisaons were from ionized 
atoms within hot gases. In a more recent paper, a graz-. 
ing incidence spectrometer was designed to measure and 
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Fig. 9. Overlay spectra 



65 60 

showing that heating under UHV tends to reduce metals and shift peaks to lower binding energies. 



record the diffuse extreme ultraviolet background. 
The instrument was carried aboard a sounding rocket, 
and data were obtained between 80 and 650 A (data 
points approximately every 1.5 A). Here again, the 
data were interpreted as emissions from hot gases. 
However, the authors left the door open for some other 
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interpretation with the foDowing statement from their 
introduction: 

«lt is now generally believed that this diffuse soft 
X-iay background is produced by a higb4emperature 
component of the intersteUar medium. However, 
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evidence of the thermal nature of this enussion is 
indirect in that it is based not on observauons of 
line emisaon, but on indirect evidence that no plau- 
sible nonthermal mechanism has been suggested 
which does not conflict with some component of 
the observational evidence." 
The kuthors also stale that "if this interpretation is cot- 
recl, gas at several temperatures is present.*' Speafi- 
cally. emissions were attributed to gases in three ranges: 
5.5 < log r< 5.7; log r = 6; 6.6 < log T< 6.8. 
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The explanation proposed herein of the observed 
dark interstellar medium spectrum hinges on the pos- 
sibility of energy states below the n = 1 state, as pvcn 
by Eqs. (2a) and (2c). Thus, transitions of the type, 

111 



n — 1, -» ^> 



n,>nf (22) 
ought to occur. The wavelength is related to A£ by 
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Fig. n. The XPS spectrum of sample 14 (Na^. Feature AT is no. found. 



1. 240 X 10* 

The energies and wavdengtla of several of these jwo- 
p^Sions are shown in Table >a. Note that the 
«^ transitions are in the soft X-ray region. 

IVJL Tin Diti and Data interpretatias 

In their analysis of the data. Labov apd B wy^ 

established several tests to separate «^°«/^^^ 
from the background.n.ereweie.sevenfeatnres (peaks) 

FtBION-tECHNOUWY VOU 2* NOV. 199S 



that passed their criteria. Tte wayelaigil>s and oft« 
^nerts of these peaks ar« shown in Table VII. PeiUts 
f ^5 w« intS^reted by ^^J^^^^'^Z 
stnimental second-order images of peaks 4 7^ 
™^vely. Peak 3. the strongest feaWre, is deariy a 
a^^a™.l^He(Is•2p•-^l^.Ati«^ 
U the interpretaUon of peaks 1. 4. 6, and?. J^Jf^ 
that peaks 4. 6. and 7 anse from the 1 -*}^:^'^ 
i - \ hydrogen atoms transiuons givw by Eq. 
We dso suggest that peak 1 arises from hdtam s«««r- 
^ Tpeak 4. -mat is the 1 - i.t^^»S^ " 
40 8 eV^on C303.9 A). When this photon strikes He 
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Fig. 12. Overlay of spectra of sample 9 (KjCO,) and sample 14 (NaaCOa) in the region of interest. Feature X is found only 
in the nickd from the K2CO3 electrolysis. 



(Is^), 21.2 eV is absorbed in the excitation to He 
(ls'2p*). This leaves a 19.6 cV photon (632.6 A), peak 
1 . For these four peaks, the agreement between the pre- 
dicted values. Table VII, and the experimental values 
is remarkable. 

One argument against this new interpretation of the 
data is that the transition J -* 1 is missing -prediaed 
at 130.2 AbyEqs. (22) and (23). This missing peak can- 
not be explained into existence, but a reasonable ratio- 
nale can be provided for why it might be missing from 
these data. The data obtained by Labov and Bowycr 
are outstanding when the region of the spectrum, the 
time allotted for data collection, and the logistics are 
considered. Nonetheless, it is clear that the signal-to- 
noise ratio is low and that considerable effort had to 
be expended to differentiate emission features from the 
background. This particular peak, i i, is likely to be 



TABLE VI 

Energies of Several Fractional-State Transitions 



1/ 



(cV) 



40.80 
68.00 
95.20 
122.4 
149.6 



X 

(A) 



303.9 
182.4 
130.2 
101.3 
82.9 



only slightly stronger than the J J peak (the inten- 
sities. Table VII, appear to decrease as n decreases), 
which has low intensity. Labov and Bowyer supplied 
their data to us (wavelength, count, count error, back- 
ground, and background error). The counts minus 
background values for the region of interest, 130.2 ± 
5 A, are shown in Table Vin.(the confidence limits for 
the wavelength of about ±5 A are the single-side 1 con- 
fidence levels and include both the uncertainties in the 
fitting procedure and uncertainties in the wavelength 
calibration). Note that the largest peak (count minus 
backgrouiid) is at 129.64 A and has a counU mam 
background = 8.72. The counts minus background for 
the stronigest signal of the other hydrino transitions arc: 
n = 1 to n = i. 20.05; n = J to n = J, 11.36; /i = J to 
n = |, 10.40. Thus, there is fair agreement with the 
wavelength and the strength of the signal. This, of 
course, does not mean that there is a peak at 130^ A. 
However, it is not unreasonable to conclude that a spec- 
trum with a better signal-to-noise ratio might uncover 
the missing peak. 

Another, and more important, argument against 
this new interpretation is the fact that the proposed 
fractional-quantum-state hydrogen atoms have not 
been detected before. There arc several explanations. 
Rrst, the transitions to these fractional states must be 
foihidden or must have very high activation energies— 
otherwise all hydrogen atoms would quickly go to these 
lower energy states (we estimate the transition proba- 
bility, based on the Labov and Bowycr data, to be be- 
tween 10"'* and 10-" s"'). Second, the number of 
hydrogen atoms (« = 1) and the hydrogcn-<rto/n density 
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TABLE VII 



Peak 


X 

(A) 


Confidence 
Limit 
(A) 


Intenaty 
(photon/cm^- S'Sr) 


Assignment' 


Assignment^ 


Predicted X 
(Rcf.5) 
(A) 


1 . 


r 634.7 


-4.7 to +4.7 


19000 


0**;logr==5.5 


Helium scattering of 303.9 
tine (peak 4) 


632.6 


2 


609.1 


-4.9 to +4.9 


Second order 


Second order of 299.7 
line 


Second order oi svs-y une 


607.8 


3 


582.1 


-4.5 to +4.5 


70400 


Helium resonance 
(ls»2p> -* Is*) 


Helium resonance 
(l$'2p* - Is*) 


584 


4 

5 
6 


299.7 
200.4 
- 178.1 


-6.0 to +5.9 
-4.4 to +5.3 
-4.6 to +5.1 


2080 
Second order 
1030 


He*; (2p' to Is*) 
Second order of 98.7 line 
Fe»*andFe'*^;logr = 6 


n s 1 to n » 1 

Second order of 101.3 line 

n s { to n = 1 


- 303.9 
202.6 
. 182.4 


7 


- 98.7 


-5.3 to +4^ 


790 


Fe"* and Fe»*; 
log 6.6 to 6.8 


n s 1 to n 1 


- 101,3 



under any conditions on Earth is exceeding low. The 
combination of extremely low population and ex- 
tremely low transition probability makes the detection 
of tiiese transitions especially difficult. Third -hydro- 
gen atoms in these lower energy states would be very 
stable, diffuse readily, and have higher (thermal) veloc- 
ities Uian helium, which readily escapes from the planet. 
Fourth, this is a very troublesome region of the elec- 
tromagnetic spectrum for detection because these wave- 
lengths are significantly attenuated by the atmosphere. 
Last, no one previously has been actively searchmg for 
these transitions. 

niB. Discossion 

We have given an alternative explanation for the 
soft X-ray emissions of the dark interstellar medium 
observed by Labov and Bowyer' based on the pro- 
posed existence of fractional-quantum-energy-kvd hy- 



33 C3T 



TABLE Vin 



Data' Near the Predicted 


1 Transition* 


X 

(A) 


Counts 


Background 


Counts - Background 


125.S2 


26 


21.58 


4.42 


127.10 


22 


21.32 


0.68 


128.37 


IS 


19.50 


-1.50 


129.64 


29 


20.28 


8.72 


130.90 


18 


19.76 


-1.76 


132.15 


20 


19.50 


0.50 


133.41 


19 


19.50 


-0.50 


134.65 


19 


20.80 


-1.80 



*130a A. 
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drogen atoms, hydrinos. The agreement between the 
experimental data and the values predicted for the pro- 
posed transitions is remarkable. These results and the 
interpretation presented herein are consistent with the 
dau and interpretations presented in the other sections 
of tiiis manuscript-XPS spectrum of the n = J hy- 
drino; excess heat from the elecuolysis of aqueous 
potassium carbonate; and mass spectral dau for the 
dihydrino molecule. Sec. V, which follows. 

U IDEHTIFICiVnOII OF THE DIHYDRINO MOUCULE 

When hydrogen atoms bind to metals, they demon- 
strate a high degree of mobility, as shown by electron 
energy loss spectroscopy (EELS) (Rcf. 10). A mobile 
hydrogen atom can bind with a neighboring hydrogen 
atom to form a diatomic molecule, H2; this happens 
routinely in the electrolysis of aqueous solutions. We 
have shown earlier that the /i = j hydrino is producwl 
witii the release of energy (Sec. II) during the electrol- 
ysis of aqueous potassium carbonate and that the n — 
i hydrino is found on the nickd surface (Sec. III). 
Thus, it is reasonable to predict that dihydrino mol- 
ecules should be produced from these n = J hydrinos. 

Specifically, it is known that two hydrogen atoms, 
H(/i = 1)» can react to form a diatomic molecule, 
H^n - 1), with a bond energy of 4.75 eV: 
2H(n=l;r=flH)-H2ln = l;re=V5flHl . (24) 
where is the intemuclear distance. Here, we assert 
that two n = J hydrino atoms can similarly react to 
form a dihydrino molecule^: 

»(" = 5-=?)-"4"i"-T4 

(25) 
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The bond energy for the dihydrino molecule should be 
much larger than the bond energy for the dihydrogen 
molecule -certainly niore than twice as large. 

Furthermore, dihydrogen molecules form dihydro- 
gen molecular ions when they are singly ionized. The 
ionization energy is 15.46 eV. 

H2 [n = 1 ; = V2flH] - Hj-I/i = 1 ; Te = 2ffH] + ^" • 

(26) 

Similarly, dihydrino molecules should form dihydrino 
molecular ions when they are singly ionized^: 

-.H?[n-i;r,= ^]+e-. (27) 

The ionization energy for the dihydrino molecule 
should be much larger than the ionization energy for 
the dihydrogen molecule (certainly more than the ion- 
ization of the n = i hydrino, 54.4 eV). 

Thus, we explored the possibility of using mass 
spectroscopy to discriminate H^^n = 1) from H2(« = J) 
on the basis of the large difference between the ioniza- 
tion energies of the two species. 

VJL Sample Collection and Preparation 

One liter of electrolytic gases was coBected from a 
potassium carbonate electrolysis cell producing excess 
power (experiment 14 of Ref. 5) in a high-vacuum gas 
collection bulb. One litre of electrolytic gases from an 
identical sodium carbonate electrolysis cell that showed 
no excess heat was collected similarly. These electrol- 



ysis gases were cryofiltered according to the method of 
Bush" and collected in two-port 250-ml high-vacuum 
sample bulbs. A schematic of the cry ofiltration appa- 
ratus appears in Fig. 13. There were three additional 
control samples: 

1. a sample bulb filled with molecular hydrogen 
(not cryofiltered) 

2. a sample bulb filled with molecular hydrogen 
which had been cryofiltered 

3. for a background comparison, a bulb with gases 
collected from the cryofiher in the absence of 
any sample introduction (referred to as cryofil- 
tered alone in the following discussion). 

The (predicted) dihydrino molecules were also en- 
riched in the electrolytic gases by partial combustion. 
About 1650 ml of the electrolysis gases was collected 
in a mylar baUoon from a potassium carbonate elec- 
trolysis cell producing excess power (experiment 14 of 
Ref. 5). The gas was transferraJ into an elastomer blad- 
der in three aliquots. The bladder contained a wetted 
spark plug, which was activated after the transfer of 
each aliquot causing an explosion of the gas contents 
and combustion of most of the gaseous contents. The 
volume of the bladder following three combustions 
was 70 ml. These gases were not cryofiltered and are 
referred to as postcombustion gases in the following 
discussion. 

V.B. Mass Spectroscopy 

The mass spectroscopy was performed by Schrader 
Analytical and Consulting Laboratories, Inc. using an 
AEI MS 30 with a VG 7070 source set at a sensitivity 




Fig. 13. Schematic of the cryofiltration apparatus. 
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of 700. The ionization energy was calibrated to within 

Mass spectra of the foUowing (a) cryofiliered gases 
from potassium carbonate electrolysis ceUs, (b) cryo- 
filtered gases from sodimn carbonate electrolysis cells, 
(c) uncryofiUered molecular hydrogen, (d) cryofiltered 
molecular hydrogen, and (e) gases from the cryofilter 
alone were tak'en. The intensity of the m/e = 1 and 
m/e = 2 peaks was recorded wWle varying the loniza- 
tion potential IIP) of :the mass sp^rom^e^The vol- 
ume of sanple gas injected intp the mass spectrometer 
at each IP setting was made identical by evacuating the 
connection between the sample and the stopcock of 
the spectrometer, opc^g the evacuated volume to the 
sample vessel, closing the sample stopcock, and then 
opening the stopcock to the spectrometer. The entire 
range of masses through rri/e = 70 was measured fol- 
lowing the determinations at m/e = 1 and m/e = 2. 

Mass spectra of the poslcombustion gases were 
taken at IP = 70 eV for the entire range of masses 
through m/e = 70. Then, high resolution 10.001 atomic 
mass unit (AMTJ)1 magnetic sector mass spectroscopy 
was performed on the postcombustion gas sample and 
the uncryofiltcred molecular hydrogen at a nonunal 
mass to charge ratio of 2 at 25 eV [above the ionization 
energy of molecular hydrogen yet below the expected 
ionizaUon energy of H^in = i)J and at 70 eVJabove 
the expected ionization energy of H2(/» = i)]- The data 
were displayed on an oscilloscope (see footnote p on 
p. 1700). The scan speed and oscilloscope sweep speed 
were adjusted so that mass differences of 0.001 AMU 
would give distinctly separate peaks, resolved nearly to 
baseline. The gas sample pressure was adjusted to Pro- 
vide peaks of essentially the same intensity of -0.5 V 
from the baseline to the peak. Photographs of the os- 
cilloscope traces of the m/e = 2 ion were made undCT 
the following conditions: resolution, 2000; energy, 25 
and 70 eV; scan speed, 30 s/decade; scope speed, 5 
ms/division; scope voltage setting, 0.2 V/division. 



V.C. Results and Discossion 

In aU samples, the only peaks detected in the mass 
range m/e = 3 to 70 were consistent with trace air con- 
tamination (argon, nitf ogehtpxygen, water vapor). 

The resuhs of th^ mass spectroscopic analysis 
{m/e = 2) with vaiying ibnizaUon potential of molec- 
ular hydrogen and various crypfiltered gases are givra 
in Table IX. For molecular hVjirogcii, not cryofillCT:ed, 
there is no signal intcnatfat IP = 13 eVyiess,tlian#e 
ionization energy of Hj", 15.46 eV) and there is. a sig- 
nificant signal intensity at 28 eV. Above 28 eV the sig- 
nal intensity increases (roughly) Unearly with IP. In 
independent experiments, it was daermmed that the 
relative signal intensity [for example, the ratio (sisnaJ 
intensity at IP = 79 eV)/(signal intensity at IP = 23 eV)] 
of molecular hydrogen was independent of mass spec- 
trometer sensitivity and sample pressure. The sigiwJ m- 
tensity for the uncryofiltered molecular hydrogen was 
much greiter than the signal intensity for aU of the 
cryofiltered samples because, as expected, the number 
of molecules successfuUy passing through the CTyofil- 
ter was quite small. Note, for example, that the cryo- 
filter removes essentially all of the molecular hydrogen 
(Table IX, H2 cryofiltered). The cryofilter itself does 
not release any unustial species with a mass to charge 
ratioof2(TablcIX, cryofilter alone). 

The greatest signal intensity for any of the cryofil- 
tered samples occurs with the gases from the K2CO3 
cell at IP = 79 eV. There is also a slightly elevated sig- 
nal with the gases from the NajCOa cell at IP = 79 cV. 
Both of these samples had a significant m/e = IS water 
peak. The base peak for water vapor is at m/e - IS.Jbut 
water vapor also gives peaks at m/e = 1 and '">5f - 2* 
Independent experiments show that the ratio (at 79 eV) 
(signal intensity m/e ~ l)/(signal intensity m/e - 2) is 
6 for water vapor. The data in Table X show that the 
ratio of the signal intensities (at 79 eV), m/e = 1 to 
m/e = 2, is 0.150/0.025 or 6.0 for the gases from the 



TABLE IX 

Mass SpcciTOscopic Analysis of Molecular Hydrogen and CryofiUered Samites 
with Varying Ionization Potential at m/e = 2 





Intensity of Signal 




Ionization 
Potential 
(eV) 


Hi 
Not 
Cryofihered 


Cryofiltered 


Gases from 
Cryofilter 
Alone 


- Gases from 
NajCOjCeU 


Gases from 
KjCOjCdl 


13 
23 
45 
79 


0.0 
2.5 
5.4 
6.8 


0.000 
0.000 
0.005 
0.005 


0 
0 
0 
0 


0.000 
0.004 
0.000 
0.025 


0.000 
0.025 
0.020 
0.24 
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NaaCO, cell. Thus, the signal intensity at m/e = 1 and 
m/e = 2 (IP = 79) with the NajCOj gases is from re- 
sidual water vapor in the vacuum system. Note, how- 
ever, that this ratio for the gases from the K2CO3 cell 
is 0 060/0.24 or 0.25 -much loo low to be from wa- 
ter vapor. Assuming that all of the signal intensity at 
m/€ = 1 is from water vapor, the contribution of wa- 
ter vapor to the m/e = 2 peak should be 0.060/6 or 
0 01 - negligible in comparison to the observed signal 
of 0 24 Thus, the large increase in signal intensity at 
m/e = 2 between IP = 45 eV and IP = 79 (0.020 to 
0.24, a fartor of 12) for cryofiltered gases from the 
potJ^sium carbonate elecUolysis does not appear to 
be caused by molecular hydrogen or water vapor. A 
species with a much higher ionization potential than 
molecular hydrogen, somewhere between 45 to 79 eV, 
is present. Systematic scans wWle varying the IP show 
that the onset of the ionization of this species is at 
63 eV. - . . . 

Photographs of the high resoluuon magnetic sec- 
tor mass spectra of the uncryofiltered molecular hydro- 
gen sample {m/e = 2) at 25 eV and at 70 eV are given 
in Fig. 14. Bothr peaks~have a typical shape. Photo- 
graphs of the high resolution magnetic sector mass 
spectra of the postcombustion gases (m/e = 2) at 25 eV 
and 70 eV are given in Fig. 15. Notice that there is one 
peak at 25 eV and that this peak has a typical shape. 
However, there are two peaks at 70 eV. Only a limited 
number of nraditiOnal** m/e - 2 peaks are possible - 
HJ, D**", He^"*"— and only one of these could cause a 
peak at m/e = 2 in these samples: 

1. H2 (« = 1) causes one of the peaks. 

2. Deuterium D"*" is eliminated because (a) light wa- 
ter, not heavy water, was used and (b) no 
HD"^(g), m/e - 3, peak was observed. 

3. He^:*" was eUminated because no He"*", m/e = 4, 
. peak was observed. 

Thus, some other species is causing the second peak 
at 70 eV. It is likely that Hj(/? = i) would be ionized 
at 70 eV and that it would not be ionized at 25 eV, but 
the mass of Hj(/i = 1) would only be 100 eV (or 1 x 
10-^ AMU) less than H}"(n = l)-not distinguishable 
on the basis of mass even with high resolution mass 
spectroscopy. We note, however, that the magnetic mo- 
ment of the Hj(/i = i) ion has been predirted to have 
a larger magnetic moment than the Hiin = 1) ion. It 
is likely, then, that the two molecules would have dif- 
ferent flights in the magnetic sector (MS). We assert, 
therefore, that the partial combustion of the evolved 
gases from the electrolysis of aqueous K2CO3 yields 
unreacted, molecular hydrogen molecules and' un- 
reacted, dihydrino molecules. In the mass spectrum, 
the Htin = 1) peak is present at 25 eV and at 70 eV. 
The harder-to-ionize dihydrino molecule, however, is 
not present at 25 eV and H?(ii = J) appears only at 
the higher 0*, 70 eV. The possibility of artifact was 
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TABLE X 

Mass Specuoscopic Analysis of Cryofiltered Gases from 
NaiCOj and K2CO3 CcUs with Varying Ionization 
Potential at m/e — 1 and 2 



Ionization 
Potential 
(eV) 


Intensity of Signal 


Cases from 
NajCOj Cell 

at Mass to 
Charge Ratio 
im/e) 


Gases from 
K2CO3 CeU 
at Mass to 
Charge Ratio 
im/e) 


1 


■ 2 


1 


2 


13 


0.000 


0.000 


0.000 


0.000 


23 


0.014 


0,004 


0.010 


0.025 


45 


0.040 


0.000 


0.024 


0.020 


79 


0.1 SO 


0.025 


0.060 


0.24 



ruled out by studying normalliydrogen over a range of 
pressures and ionization energies. No double peaks 
{m/e = 2) were observed. 

We conclude that hydrinos are produced on or near 
the cathode surface as hydrogen atoms ar€ stimulated 
to relax to quantized potential energy levels below that 
of the "ground state" (see Sec. II.E) and that two 
hydrinos, H(n = J), react to form the lower energy di- 
hydrino molecule. 

V.a Alternative Explanations of Related ExperinieKts 
by Other Researchers 

The intemuclear distance of the dihydrino molecule 
is a factor of 2 shorter than the intemuclear distance 
of the normal hydrogen molecule.^ The same ratio ap- 
plies when deuterium nuclei replace the protons. In 
accordance with the predictions of Fukai" relating fu- 
sion reaction rates to intemuclear separation, produc- 
tion of the dideutrino molecule (hydrino molecule with 
the protons replaced by deuterons) could account for 
the observation of detectable levels of tritium over long 
duration electrolysis experiments.'-"'*^ 

We have reported previously our interpretation 
that Miles"*'**" observed the dideutrino molecule as 
a species with a mass to charge ratio of four and hav- 
ing a higher ionization potential than normal molecular 
deuterium. Miles was using mass spectroscopy to an- 
alyze the cryofiltered gases evolved from excess power 
produdng electrolysis cells (paUadium cathode and a 
UOD/D2O electrolyte; a catalytic couple of 27.54 eV). 
And. we have previously reported our interpretation 
that Yamaguchi***" observed the dideutrino molecule 
as a large shoulder on the I>2 peak and a split Dj peak 
during the high resolution (0.001 AMU) quadrupole 
mass spectroscopic analysis of the gases released from 
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70 eV 

Fig. 14. the high resolution magnetic sector mass 
is found: H^n - 1) ionization. 



25 eV 



spectra at m/e = 2 of molecular hydrogen at 25 and 70 cV. Only one peak 




70 eV 



25 eV 



Fig. 15. m high resolution magnetic sector mass sp^ctrk at m/e = 2 of the Posj^busti^ t™i^^^S^ J^e 



excess heal producing, deuterium-loaded, oxide-coated 
palladium sheets (a catalytic couple of 27.2 eV). 



VL SUMMARY 

The complete theory which predicts fractional 
quantum energy levels of hydrogen and the exothernwc 
reaction whereby lower-energy hydrogen is produced 
is given elsewhere.''^ 
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Excess power and heat were observed during the 
electrolysis of aqueous potassium carbonate. Flow cal- 
orimctry of pulsed current electrolysis of aqueous po- 
tassium carbonate at a nickel cathode was performed 
in a single-cdl dewar. The average power out of 24.6 
W exceeded the average mput power (vohage times cur- 
rent) of 4.73 W by a factor >5. The totaJ input energy 
CmtOTBtion of voltage times current) over the entire du- 
ration of the experiment was 5.72 MJ; whereas, the to- 
tal output energy was 29.8 MJ. No excess heat was 
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observed when the electrolyte was changed from potas- 
sium carbonate to sodium carbonate. The source of 
heat is assigned to the eleclrocatalytic. exothermic re- 
action whereby the electrons of hydrogen atoms are in- 
duced to undergo tranations to quantized energy levels 
below the conventional "ground state." These lower en- 
ergy states correspond to fractional quantum numbers: 
n = |. Transitions to these lower energy 

states are stiroulated in the.presence of pairs of potas- 
sium ions (K VK^^ electrocatalytic couple) which pro- 
vide 27,2-eV energy sinks. 

We report the identification of the « = J hydrogen 
atom. H(/i = J). Samples of the nickel cathodes of 
aqueous potassium carbonate electrolytic cells and 
aqueous sodium carbonate electrolytic cells were ana- 
lyzed by XPS. A broad peak centered at 54.6 eV was 
presOTt only in the cases of the potassium carbonate 
cells. The binding energy Cm vacuum) of H(/i = J) is 
54-4 eV. Thus, the theoretical and measured binding en- 
ergies for H(n = J) are in excellent agreement. 

Further experimental identification of hydrinos — 
down to H(n = i } - can be found in our alternative ex- 
planation for the soft X-ray emissions of the dark 
interstellar medium observed by Labov and Bowyer. 
We believe that the agreement between the experimen- 
tal spectrum and the energy values predirted for the 
proposed transitions is remarkable. 

We have identified the reaction product of two 
H(/i = i) atoms, the dihydrino molecule, by mass spec- 
troscopy. The mass spectrum of the cryofiltered gases 
evolved during the electrolysis of a light water K2CO3 
electrolyte with a nickel cathode demonstrated that the 
dihydrino molecule. H^n = J), has a higher ionization 
energy, about 63 eV, than normal molecular hydrogen, 
H2(n = 1), 15.46 cV. The high resohition (0.001 AMU) 
magnetic sector mass spectroscopic analysis of the post- 
combustion gases indicated the presence of two peaks 
of nominal mass, two at 70 cV, and one peak at 25 eV. 
The same analysis of molecular hydrogen indicates only 
one pesi at 25 eV and one peak at 70 eV. In the case 
of tbejiQSleftmbustion sample at 70 eV, one peak was 
assigned as the hydrc^en molecular ion peak, Hj (fl = 1)» 
and one peak was assigned as the dihydrino molecular 
peak.Hj-(/i=l). . , , ^ , . , 

Based on our analysis' of the raw data of 
MUes"-**-" and Yamaguchi." *' we interpret their re- 
sults as evidence of the dideutrino. Dzin = i); heavy 
hydrogen. ^H, was used in their experimenU, not H. 



ACKNOWLEDGMENTS 

Special thanks to the foUowing: G. Simmons and A. 
Miller of Lehigh University who performed the XPS analy- 
sis; J. E>eFcvcr of Schradcr Analytical and Consulting Lab- 
oratories, Inc.. who perfonhCd the mass specuoscopy; S. 
LaBov and S. Bowyer for providing spectral data; J. Farrcll, 
Department of Chemistry, Franklin & Marshall CoDege. for 
assistance in preparing this manuscript; D. Backman. De- 



partment of Physics and Astronomy. Franklin & Marshall 
College, for his many suggestions and, in particular, for his 
help in deriving the transition probability from the Labov 
and Bowyer data: 



REFERENCES 

1. R. MILLS. Unification ofSpacetime, the Forces, Mat- 
ter, and Energy, Technomics Publishing Company, Lan- 
caster. Pennsylvania (1992). 

2. R. MILLS, "Energy/Matter Conversion Methods and 
Structures," U.S. Patent Application (Aug. 16. 1993). 

3. H. A. HAUS, Am. J. Phys,, 54, 1126 (1986). 

4. R. L. MILLS and S. P. KNEIZYS. •'Excess Krar Pro- 
duction by the Electrolysis of an Aqueous Potassiuiii Car- 
bonate Electrolyte and the Implications for Cold r sion." 
Fusion Techno!., 20. 65 (1991). 

5. R. MILLS, W. GOOD, and R. SHAUBACH. "Dihy- 
drino Molecule Identification," Fttsion TechnoL, 25, 103 
(1994). 

6. V. NONINSKI, "Excess Heat Ehiring the Electrolysis of 
a Light Water Solution of KjCOa with a Nickel Cathode.** 
Fusion Technoi,, 21, 163 (1992). 

7. R. NOTOYA and M. ENYO, Proc, 3rd Annual Cor{f. 
ColdFusion, Nagoya, Japan, October 21-25, 1992, p. 421, 
H. IKEGAMI, Ed., Universal Academy Press, Inc., Tokyo 
(1992). 

8. S. BOWYER, G. FIELD, and J. MACK. Nature, 217, 
32 (1968). 

9. S. LABOV and S.BOWYER.^p./.. 371. 810(1991). 

10. R. NIEMIJ^. Nature, 365. 289 (1992). 

11. B. F. BUSH. J. J. LAGOWSKI. M. H. MILES, and 
G. S. OSTROM, J. EiectroanaL Chem., 304. 271 (1991). 

12; Y. FUKAI, "The ABC's of the Hydrogen-Metal Sys- 
tem," iVoc. 3rd Annual Cortf. ColdFusion, Nagoya, Japan. 
October 21-25. 1992. p. 265. H. IKEGAMI, Ed.. Univer- 
sal Academy Press. Inc., Tokyo (1992). 

13. M. FLEISCHMANN. S. PONS. W. ANDERSON. L. 
JUN U. and M. HAWKINGS, 7. Electroanal, Chem., iSI, 
293 (1990). 

14. E. STORMS and C. TALCOTT, "Electrolytic Tritium 
Production,** Fusion TechnoL, 17, 680 (1990). 

15. M. H. MILES, B. F. BUSH, G. S. OSTROM, and J. J. 
LAGOWSKI, The Science of Cold Fusion: Proc. 2nd An- 
nual Conf. ColdFusion, Como, Italy, June 29-July 4, 1991, 
T. BRESSANI, E. DEl^ GIUDICE, and O. PREPARATA. 



1718 



FUSION TECHNOLOGY 



VOL.28 



NOV. I9W 



MiUs and Good FRACTIONAL QUANTUM ENERGY LEVELS 



Eds., Vol. 33, p. 363, in Conf. Proc. Italian Physical Soci- 
ety, Bologna (1992). 

16. M. H. MILES, R. A. HOLLINS. B. F. BUSH, J. J. 
LAGOWSKI. and R. E. J. MILES. /. Electroanal. Chem., 
346, 99 (1993). 

17. M. H. MILES and B. F. BUSH, Proc, 3rd Annual Conf. 
ColdFusion, Nagoya, Japan, October 21-25, 1992, p. 189, 
H. IKEGAMI, Ed., Universal Academy Press, Inc., Tokyo 
(1992). 



18. E.YAMAGUCHI and T.NISHIOKA, -Direct Evidence 
for Nuclear Fusion Reactions in Deuteratcd Palladium," 
Proc. 3rd Annual Conf. ColdFusion, Nagoya, Japan, Oc- 
tober 21-25, 1992, p. 179, H. IKEGAMI, Ed.. Universal 
Academy Press. Inc., Tokyo (1992). 



19. E. YAMAGUCHI and T. NISHIOKA, Personal Com- 
munication regarding hclium-4 production from dcuterated 
palladium at low energies, Nipon Telegraph & Telephone 
Basic Research Laboratories (1992). 



Randdl L. MiUs (BA, chemistry. Franklin and MarshaU College, 1982; 
MD Harvard University, 1986) developed magnetic susceptibility imagmg for 
high-resolution internal vascular images, the MIRAGE cancer therapy, and 
the Luminide drug deUvery molecule. He is founder of Mills Technology. Hy- 
droCatalysis Power Corporation, and Luminide Pharmaceutical Corporation. 

WnUam R. Good (BS, chemistry, Franklin and Marshall CoUcge) has bera 
studying hydrogen emission by catalytic thermal electronic relaxation. He is 
currently research director at HydroCatalysis Power Corporauon. 



FUSION TECHNOLOGY 



VOL.28 



NOV, 1995 



1719 



THIS PAGE BLMNK(U8PT0) 




DIHYDRINO MOLECULE 
IDENTIFICATION SSVn»-^^^ 

RANDELLL, MILLS and WILLIAM R. GOOD rnolecule 
HydroCatalysis Power Corporation, Greenfield Corporate Center 
J860 Charier Lane, Lancaster, Pennsylvania 2 7602 

ROBERT M. SHAUBACH Thermacore, Jnc. 
780 Eden Road, Lancaster, Pennsylvania 27602 



Received June 16, 1993 

Accepted for PubUcation July 27, 1993 



three sets of heat production and "ash** identifi- 
cation data are presented. An exothermic reaction is 
reported wherein the electrons of hydrogen and deu- 
terium atoms are stimulated to relax to quantized po-^ 
tential energy levels below that of the ^ound state 
via electrochemical reactants A"^ and K ; Pd^ arid 
Li^' or Pd and O2 of redox energy resonant with the 
energy hole that stimulates this transition. Calonme- 
trv of pulsed current and continuous electrolysis of 
aqueous potassium carbonate (KVK^ el&:trocatalytic 
couple) at a nickel cathode were performed. The Gxess 
output power of 42 W exceeded by a factor >8 the to- 
tal input power given by the product of the electroly;- 
sis voltage and current. The product of the exothennic 
reaction is atoms having electrons of energy below the 
ground state, which are predicted to form molecules. 
The predicted molecules were identified by their lacK 
of reactivity with oxygen, by separation from molec- 
ular deuterium by cryofiltration, and by mass spectro- 
scopic analysis. 



HYDROCATALYSIS POWER CORPORATION THEORY 

Quantum mechanics based on the Schrodinger 
equation assumes that atomic-si?ed particles obey dif- 
ferent physical laws than macroscopic objects, which 
behave classically. To overcome the shortcommgs of 
quantum mechanics, physical laws that are exact on aU 
scales were sought. Rather than endowing the electron 
with a wave nature as suggested by the Davisson- 
Genner experiment and fabricating a set of assoaated 
postulates and mathematical rules for wave operator, 
we derived a new theory from first principles. In both 
theories, solutions to the classical wave equaUon were 
sought, and tiie solution of the equation of tiie elertron 
is time harmonic. But, the novel theory departs from 
the usual theory in the solutions of the spatial func- 
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tions. Ratiier tiian invoicing a postulated boundary con- 
dition, ^ - 0 as r - 00, which leads to a purely 
mathematical model, we derived tl>ebo"°^X/^; 
tion from MaxweU's equations^ For nonradiative 
states, the charge-density function must not possess 
space-time Fourier components that are synchronous 
with waves traveling at the speed of light. 

Application of this physical boundary condition 
leads to a physical model that is consistent wi^ classi- 
cal physics. The novel theory^ unifies MaxwcU s equa- 
tions, Newton's laws, and Einstdn's general and special 
relativity. Theoretical predictions conform with exper- • 
imental observations. The closed-form calculations of 
a broad spectrum of fundamental phenomena contain 
fundamental constants only. Equations of the one- 
electron atom are derived tiiat give four quantunci nim- 
bers, the Rydberg constant, the ionization enerpi^, tne 
results of the Stem-Gerlach experiment, the elecfron g 
factor, the spin angular momentum energies, the exr 
cited states, tiie resuhs of tiie Davisson-Germer rapw- 
iment, the parameters of pair production and the 
hyperfine structure interval of positromum. lonizadon 
en^gies of two- and three-electron atoms are pven as 
weU as the bond ener^es, vibrational energies, and 
bond distances of molecular hydrogen and the molec- 
ular hydrogen ion. From the dosed-form solution of 
the helium atom, the predicted electron scattering m- 
tensity is derived. The closed-fonn scattcnng equation 
matches the experimental data, whereas calculations 
Son the Bom model of the atom "utterly faU" at 
small scattering angles. The i°iP«°^tions^%^^,^™^ 
idity of the Schrodinger and Bom models of the atom 
and tiie dependent Heisenberg uncertainty pnnaple are 
discussed. The atomic equations of gravitation are de- 
rived from which die gravitational constant and the 
masses of the leptons and die neutron and proton are 
derived. The magnetic moments of die nucleons are 
derived. The beta decay energy of die ncutton and 
die'binding energy of deuterium are calculated. Also, 
the dieory predicts cxacdy die spectral observauons 
of the extreme ultraviolet background emission from 
interstellar matter, which characterizes dark matter; it 
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provides a resolution of the solar neutrino paradox, and 
it provides a basis to produce heat in electrolytic cells 
that represents an endless supply of cheap, clean energy. 

A novel model of the electron^ describes a bound 
electron by a charge-density (mass-density) function 
that is the product of a radial delta function [/(r) = 
fjf^r-rn)], two angular functions (spherical harmonic 
functions), and a tune-harmonic function. Thus, an 
electron is a spinning, two-dimensional spherical sur- 
face, called an electron orbitsphere, that can exist in a 
bound state only at specified distances from the 
nucleus. 

PHOTON-INDUCED STATES OF THE ONE-ELECTRON ATOM 

It is well known that resonator cavities can trap 
electromagnetic radiation of discrete resonant frequen- 
cies. A bound electron is a resonator cavity and can trap 
photons of discrete frequencies. The relationship be- 
tween an allowed radius and the electron wavelength is 

2it{nri) = 2xr„ = /iXj = X„ , (1) 

where 
n==l 

« = 2,3,4, ... 

... 

Xi = allowed wavelength f or /i = 1 

Ti — allowed radius for /i = 1 . 

Higher and lower energy states are equally valid. 
The photon standing wave in both cases is given as a 
solution of Laplace's equation in harmonic coordinates: 

excited-state photon: 

einap)' I 

photon n,Um ~ 4yc(j ^('+2) 

X ^-l-HiReli[yr(<A.e) 

+ yr(*,«)3i) . <2) 

for 

71 = 2,3,4,..., 
/=1,2,...,«- 1 , 

and 

/„,= -/,-/+ 1.....0....,+/ ; 
below'ground-state photon: 

. ' _^(?)' 

photon nj,m — 4ir€o Z'*'"*'^* 

.x(-l+n[yr(*.^')+^i"0) , (3) 
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for 

rt = 2,3,4,..,, 
/=l,2,...,n- 1 , 

and 

;„,= -/, -/-hi,. ..,0,...,+/ . 

From energy conservation, the resonance energy 
hole of a hydrogen atom that excites resonator modes 
of radial dimensions ao/{m + 1) is 

m X 27.2 eV , 

where 

/n = 1,2,3,4,... . 

After resonant absorption of the hole, the radius of the 
orbitsphere shrinks to ao/{m •¥ 1). After/? cycles of 
resonant shrinkage, the radius is ao/{mp -hi). 

In other words, the radial ground-state field can be 
considered as the superposition of Fourier components. 
The removal of negative Fourier components of energy 
m X 27 .2 eV, where m is an integer, increases the posi- 
tive electric field inside the spherical shell by m times 
the charge of a proton. The resultant electric field is a 
time-harmonic solution of LaPlace's equations in spher- 
ical coordinates. In this case, the radius at which force 
balance and nonradiation are achieved is oq/ (m + 1), 
where m is an integer. In the decay to this radius from 
the ground state, a total energy of [{m -1-1)^-1 ] x 
13.6 eV is released. The potential energy well of the hy- 
drogen or deuterium atom is shown in Fig. 1 . The exo- 
thermic reaction is referred to as hydrogen emission by 
catalytic thermal electronic relaxation. 

An efficient catalytic system that hinges on the cou- 
pling of three resonator cavities invohres potassium. For 
example, the second ionization energy of potassium is 
3 1 .63 eV. This energy hole is obviousty too high for res- 
onant absorption. However, releases 4.34 cV when 
it is reduced to K. The combination of K"^ to K^"^ and 

to K, then, has a net energy change of 27,28 eV: 

27.28 eV -H + + H (^) K + K^* . 

l(J7+l)J 

(4) 

K + K^-" -►K-^ + K+ + 27.28 eV. (5) 
And, the overall reaction is 

X 13,6 eV . (6) 
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-<i)- 



And, the overall reaction is 

+ [(p+l)^-P^]xl3.6eV. (9) 

A catalytic system that hinges on the transfer of 
two electrons from an atom to a molecule involves pal- 
ladium and oxygen. For example, the first and second 
ionization energies of palladium are 8.34 and 19.43 eV, 
respectively, and the first and second electron affinities 
of the oxygen molecule are 0.45 and 0.11 eV, respec- 
tively. The energy hole resulting from a two-electron 
transfer is appropriate for resonant absorption. The 
combination of Pd to Pd^^ and Oj to Oi , then, has 
a net energy change of 27.21 eV: 



Fig. 1. Potential energy well of a hydrogen atom. 



Other less efficient catalytic systems that hmge on 
the coupling of three resonator cavities exist. For ex- 
ample, the third ionization energy of palladium is 
32.93 eV. This energy hole is obviously too high for res- 
onant absorption. However, Li* releases 5.392 eV 
when it is reduced to U. The combination of Pd^+ to 
Pd'* and Li* to Li, then, has a net energy change of 
27.54 eV: 

27.54 eV + Li* + Pd^* + H^^^ 



- Li + Pd'* + 



Li + Pd'* = Li* + Pd^* + 27.54 eV . 
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(7) 
(8) 



27.21 eV + Pd + O2 + 



> Pd^* + Oi" + 



+ xl3.6eV, 
Pd2+ + oi" Pd -I- O2 + 27.21 eV , 
And, the overall reaction is 



(10) 
(U) 



+ [{p+l)^~P^} X 13.6eV. (12) 
Additional atoms, molecules, or compounds that could 
be substituted for O2 are those with first and second 
electron affinities of -0.45 and 0.11 eV, respectively, 
such as a mixed oxide flVlnOx, AlO^r. or SiO^) contain- 
ing oxygen to form 0^~ or O2 to form O2 . 

For sodium or sodium ions, no electrocatalytic re- 
action of -27.21 eV is possible. For example. 42.15 eV 
of energy is absorbed by the reverse of the reaction 
given in Eq. (5) where Na* replaces K*: 

Na* + Na* + 42.15 eV Na + Na^* . (13) 

NEW HYDROGEN MOLECULE 

According to HydroCatalysis Power Company 
, (HPQ theory, a hydrino atom, a hydrogen atom with 
its electron in a lower-than-ground-state energy level 
corresponding to a fractional quantum number, has an 
unpaired electron and would bind to the nickel cath- 
ode. Bound hydrogen atoms demonstrate a high degree 
of mobility as shown by electron energy loss spectros- 
copy.' Hydrino atoms are predicted to possess high 
mobility that permits the possibility of subsequent 
shrinkage reactions and dihydrino-molecule-fonning 
reactions. The hydrino must form muon-Kkc molecules, 
as indicated by the trace tritium production during the 
elecuolysis of a K2CO3 heavy water electrolyte with a 
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nickel cathode.^ Dihydrino molecules are evolved from 
the cathode and are found in the effluent electrolysis 
gas. 

A preferred method to identify the dihydrino mol- 
ecule is via cryofiltration followed by a search for mass 
spectroscopic anomalies. 

EXISTING EVIDENCE FOR HYDRINO ATOMS 
AND DIHYDRINO MOLECULES 

Hydrogen transitions to electronic energy levels be- 
low the /I = 1 state have been found in the spectral lines 
of the extreme ultraviolet backgroimd of interstellar 
space. This assignment resolves the paradox of the idai- 
tity of dark matter. It also accounts for other celestial 
observations such as the facts that diffuse Ha emission 
is ubiquitous throughout the galaxy and vddespread 
sources of flux shortward of 912 A are required to ac- 
count for this emission.^''* 

The dihydrino molecule can be identified by mass 
spectroscopy. Miles and coworkers^ and Chien et al. 
report ^He production as identified by mass spectros- 
copy of the cryofiltered gases evolved from an electroly- 
sis cell comprising a palladium cathode and a LiOD/ 
DjO electrolyte. According to Miles et al.,' the intensity 
of the helium peak maintained an approximate cor- 
respondence to the amount of excess power or heat 
observed in elertrochemical calorimetric cells. The sam- 
ples for helixun analysis were analyzed "blindly" by 
' mass spectroscopy. That is, the spectroscopist did not 
know whether a given sample produced excess heat or 
not.*** According to Miles et al.' "ignoring the helium/ 
heat relationship (Table I of Ref . 7), the simple yes/no 
detection of helium in 7/7 experiments producing ex- 
cess heat and the absence of helium in 6/6 experiments 
not producing excess heat (1 in D2O, 5 in H2O) implies 
a chance probabUity of (i)"^ = gfe or 0.012*!^o.'' The 
fusion reaction proposed by the authors is as follows: 



jOTientlsTD? 



D + D ^He -I- y(23.8 MeV) . 



(14) 



Miles et al.^ report the production of ^He at a rate of 
-10" '*He/s. The associated gamma emission from 
this proposed fusion corresponds to a )0-Ci 23.8-MeV 
source, Secondary X rays must also be present as well 
as neutrons and charged particles in the correct ra- 
tios." No neutrons were observed, and no significant 
radiation above background was observed.*^ Numer-. 
ous identical heat-producing experiments failed to pro- 
duce fusion products within 13 orders of magnitude of 
that necessary to account for the heat.*' According to 
Rees," "even if a new fusion process were occurring, 
there ought to be x-rays produced. It is hard to believe 
that you could lose over 20 MeV in a single event and 
see nothing at all coming out." 

We feel that the data are not consistent with a fu- 
sion reaction as the source of the excess heat or the mass 
4 peak. The mass 4 peak is incorrectly assigned as ^He. 
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The correct assignmeniTfbj, the dideutrino molecule. 
These molecules form from deutrino atpnis on the sur- 
face of the palladium cathode. The deutrino atoms 
form according to the exothermic reaction given by 
Eqs. (7), (8), and (9). which is the source of the ob- 
served excess heat. 

The dideutrino molecule is predicted to be spin 
paired, to be of comparable size to the helium atom, 
and to have a higher ionization energy and a lower liq- 
uefaction temperature than D2. Thus, cryofiltration of 
the gases of an electrolytic cell having an electrolyte of 
one or more electrocatalytic couples that induce tran- 
sitions of deuterium atoms to energy levels below the 
ground state to release excess heat energy followed by 
mass spectroscopic analysis would appear to be produc- 
ing *He. In fact, the mass spectroscopic separation of 
^He and DJ would be difficult. And, Miles; et al.*** used 
the higher ionization potential of the mass 4 peak as a 
criterion to make its assignment as ^He rather than D2. 

The dideutrino molecule can also be identified by 
high-resolution quadrupole mass spectroscopy. Yama- 
guchi and Nishioka*^ reported high-resolution (0.001 
amu) quadrupole mass spectroscopic data of the gases 
released from deuterium- or hydrogen-loaded palladium 
sheets coated on one side with a hydrogen-impermeable 
gold layer and coated on the other surface with an ox- 
ide coat (MnOx, A10;„ or SiO;,). Heat was observed 
from light and heavy hydrogen only when the mixed 
oxide coat was present. The mass spectroscopic data 
of the gases released when a current was applied to a 
deuterium-loaded (99.9%), MnOx-coated palladium 
sheet indicate the presence of a large shoulder on the 
Da peak. 

Yamaguchi and Nishioka's*^ control D2 peak is 
shown in Fig. 2. A shoulder on the D2 peak is shown 
in Figs. 3 (Ref. 14) and 4 (Ref. 15). The anomalous 
peak of Fig. 3 was assigned to HT (*H-'H) by Yama- 
guchi and Nishioka. Tritium is produced by nuclear 
fusion, and this (HT) peak grows with time as heat 
evolves. However, no such peak is possible because no 
*H was present, as demonstrated in the control spec- 
trum, and the proposed HT peak was larger than the 
D2 peak. The observed heat, including that observed 
from light hydrogen, is inexplicable from the proposed 
observed nuclear products. We assert that the data are 
not consistent with a fusion reaction or with the assign- 
ment of the anomalous mass 4 peak as HT. The cor- 
rect assignment is D J, the dideutrino molecule. These 
molecules form from deutrino atoms on the surface of 
the palladium sheet, and the deutrino atoms form ac- 
cording to the exothermic reaction given by Eqs. (10), 
(1 1), and (12), which is the source of the observed ex- 
cess heat. ^ J . 

After cryofiltration or combustion, the dihyonno 
molecule can be distinguished from normal naolccular 
hydrogen by mass spectroscopy. The branching ratio 
to form m/e - 1 relative to m/e = 2 that is observed for 
the dihydrino molecule is different than the ratio that 
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M D2 Introduced 

•t D2 + *He Introduced 

D2 (4.02820) 




Nominal Mass (4 amu) 



Fig. 2. Yamaguchi and Nishioka*s" conuol high-resolution 
mass spectrum of helium and hydrogen. 



is observed for normal molecular hydrogen. Mass spec- 
troscopy will further distinguish a sample contammg 
dihydrino molecules from a sample containing H2 oy 
showing a different ion production efficiency as a func- 
tion of ionization potential and a different ion produc- 
tion efficiency at a given ionization potential for the 
two samples. 

LIGHT WATER CAIORIMETRY EXPERIMENTS 



A search for excess heat during the electrolysis of 
aqueous potassium carbonate (K+/K+ electrocatal^c 
couple) was conducted by using single^eU. siWer-coaled, 
vacuum-jacketed dewars and noninsulated plastic ves- 
sels. To simplify the cah'bration of these cells, they were 
constructed to have primarUy conductive heat losses. 
Thus, a linear calibration curve was obtained. Two 
methods of differential calorimetry were used to deter- 
mine the ceU constant that was used to calculate.the ex- 
cess enthalpy. First, we calculated the ceU constant 
during the experiment (on-thc-fly calibration) by timi- 
ing an internal resistance heater off and on and infer- 
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Nominal Mass (4 amu) 

FiK 3 Yamaguchi and Kishioka's" high-resolution mass 
^' spectroscopic data of the gases released when a^r- 
rent was applied to a deuienum-loaded {99.^^90), 
MnO.-coated palladium sheet, indicating the pres- 
ence of a large shoulder on the D2 peak that m- 
creases with time. 



ring the ceU constant from the difference between the 
losses with and without the heater. Second, we deter- 
mined the ceU constant with no electrolysis process^ 
occurring by turning an internal resistance heater off 
and on for a well-stirred ceU and inferring the ceU con- 
stant from the difference between the losses wiUi and 
without the heater. This method overestiinates the ceu 
constant because there is no gas fiow (which adds to the 

**^Th^neral form of the energy balance equation 
for the cell in steady state is 

where 

Pcppi = electrolysis power 
Qhtr = power input to the heater 

= excess heat power generated by the hydro- 



gen "shrinkage" process 
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Fig. 4. Yamaguchi and Nishioka's'^ high-resolution inass 
' spectroscopic data of the gases released when a cur- 
rent was applied to a deuterium-loaded (99.9*%), 
MnO;f -coated palladium sheet, indicating the pres- 
ence of a large shoulder on the IV|>eak that in- 
creases with time. 



Pgas = power removed as a result of evolution of 
H2 and O2 gases 

C/osj = thermal power loss from the cell. 



When an aqueous solution is electrolyzed to liber- 
ate hydrogen and oxygen gases, the electrolysis power 
^appi (= BappiJ) can be partitioned into two terms:' 



An expression for Pgas (= Egas^) is readily obtained 
from the known enthalpy of formation of water from 
its elements: 



(17) 



{F is Faraday*s constant), which yields Eg^s = 1 .48 V 
for the reaction 



(18) 



The net faradaic efficiency of gas evolution is assumed 
to be unity; thus, Eq. (16) becomes 



(19) 



We calibrated the cell for heat losses by turning an 
internal resistance heater off and on while maintaining 
constant electrolysis and by inferring the cell conduc- 
tive constant from the difference between the losses 
with and without the heater where heat losses were pri- 
marily conductive losses through the top of the dewar 
or through the surfaces of the plastic vessel. When the 
heater was off, the losses were given by 

c{Tc-n)=Pappi-^O^Q„-Pg^ , (20) 

where 

c = conductive heat loss coefficient' ' 

Tft = ambient temperature 

7; = ceU temperature. 

When a new steady state is established with the heater 
on, the losses change to 

C{n''Tt)^P'appt'^Qktr^Q^''P'gas , (21) 

where the primes indicate values that changed when the 
heater was on. When we assume 

Qx^^Q^y Pcppi^Pappl, and Pgas^^P'gas. 

(22) 

the cell constant or heating coefficient o> th* recipro- 
cal of the conductive loss coefficient c, is'given by the 
result 



Qhtr 



(23) 



In all heater power calculations, we used the following 
equation: 

Qhir^Ehtrhrr • (24) 
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In the case of intermittent square-wave electroly- 
sis with current only during the high-voltage interval 
of the cycle, the P^ppi value of Eq. (1 6) is calculated as 
the product of the peak voltage, the peak current, and 
the duty cycle Dc, which is the pulse length divided by 
- the period: 

Pappl = (EcpplDDc = {P^ + Pga,)Dc . (25) 

In the case of intermittent square-wave electrolysis with 
current only during the high-voltage interval of the cy- 
cle and where the net faradaic efficiency of gas evolu- 
tion is assumed to be unity, P^n of Eq. (19) becomes 

^ceff ^ [{Ecppi - lMV)I]Dc . (26) 

HPC Experiments 1, 2, and 3 

These experiments were carried out by observing 
and comparing the temperature differences, ATi = 
r(electrolysis only) - r(blank) and ATi ~ Tfresistor 
heating only) - r(blank) referred to unit input power, 
between two identical cells. Each cell consisted of a 
350-ml silver-coated, vacuum-jacketed dewar (Cole 
Palmer model 8600) with a 7-cm opening covered with 
a 0.75-in.^ck Styrofoam stopper lined with Parafilm. 
One calorimeter dewar of the same configuration, con- 
taining the same amount of electrolyte and the same 
electrodes (nickel cathode and platinum anode), resistor- 
heater, and thermistor, stirred at the same speed, was 
used as the blank. In this dewar. neither electrolysis nor 
heating by the resistor was carried out. Experiments 
were also carried out by using the blank dewar from a 
previous experiment as the working dewar and vice 
versa. This exchange was done to ensure that the effect 
is not due to any difference in the thermal properties 
of the two specific dewars used. The experimental ap- 
paratus for the differential calorimetry used for these 
studies is shown in Fig. 5. 

The heating coefficients were calculated from 

a = ATi/P^i (27) 

and 

a^ATi/Qf^rr - (28) 

. The outsides of the ceUs were maintained at ambi- 
ent air temperature, which was monitored. Ambient 
temperature fluctuations over 24 h were typically 
<0.5*C, , 

The cathode was 24 m of 0.127-rnm-diam nickel 
wire (99<7o Alfa 10249, cold drawn) that was coiled 
about the central platinum anode. We cleaned the cath- 
ode by placing it in a beaker of 0.57 Af KaCOa/S^ 
H2O2 for 30 min and then rinsing it with distilled wa- 
ter. The leads were inserted into Teflon tubes to ensure 
that no recombination of the evolving gases occurred. 

The anode was a 10-cm x 1-mm-diam spiraled plat- 



I GWl/MAC 
I Automated 

I Data 
1 I Acquisition 



Blank 
Cell 




Fig. 5. Experimental calorimeter setup: (1) vacuum-jacketed 
dewar, (2) thermistor, (3) platinum anode. (4) nickd 
cathode, (5) magnetic stirring bar, (6) resistor-heater, 
(7) Styrofoam stopper lined with Parafilm, (8) Teflon 
tubing, (9) magnetic stirrer, and (10) aluminum 
cylinder. 



inum wire (johnson-Matthey) with a 0,127-mm plati- 
num lead wire. The leads were inserted into Teflon 
tubes to prevent recombination, if any, of the evolv- 
ing gases. The cathode-anode separation distance was 
1 cm . 

As usual in electrochemistry, measures were taken 
to avoid impmities in the system, especiaUy organic 
substances. We note here the known problems with the 
reproducibility of the hydrogen overpotential that can 
be overcome only by ensuring the lowest possible level 
of impurities. The following procedures were applied 
in order to reproduce the excess heat effect. Before 
starting the experiment, the electrolysis dewar was 
cleaned with Alconox and 0.1 nitric add and rinsed 
thoroughly with distilled water to remove all organic 
contaminants. The platinum anode was mechanically 
scoured with steel wool, soaked overnight in concen- 
trated HNO3, and rinsed with distilled water. The 
nickel cathode was removed from its container with 
rubber gloves, and cut and folded in such a way that 
no organic substances were transferred to the nickel to- 
face. The nickel cathode was dipped into the working 
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solution under electrolysis current and was never left 
in the working solution without electrolysis current. 

In experiments 1 and 2, the electrolyte solution was 
200 ml of 0.57 M aqueous K2CO3 (Aldrich K2CO3 * 
IH2O 99+%); in experiment 3, the electrolyte solution 
was 200 ml of 0.57 M aqueous NajCOg (Aldrich 
NajCOs ACS primary standard 99.95+%). 

The resistance heater used during cahljration and 
operation was a 10-0, 1% precision metal oxide resistor 
in a 2-mm-o.d. Teflon tube. The heater was powered by 
a variable direct current voltage power soiirce (±0.5%). 
The heating power was calculated by Eq. (24). 

The electrolyte solution was stirred with a 7-mm x 
2-cm prolate spheroid magnetic stirring bar that was 
spun by a 6-an-long open magnet mounted on an open 
shaft revolving at 750 rpm under the dewar. The shaft 
was that of an open mixing motor (Fisher Flexa-Mix 
model 76). 

Erroneous attribution of the effect to temperature 
gradients was prevented by testing for minute spatial 
variations of the temperature over time. Three therm- 
istors were positioned -2.5 cm apart from each other 
at the bottom, middle, and upper parts of the electro- 
lyte. No difference was observed (within the limit of de- 
tection, ±0.01 *Q. 

Voltage (±6.5%), current (±1%), and temperature 
(±0.1 data were acquired by a data acquisition sys- 
tem consisting of an Apple Mac II SI 5/80 with an NU 
bus adapter and the following GW Instruments hard- 
ware: GWI-625 data acquisition board, GWI-J2E mul- 
tiplexer, GWI-ABO analog breakout system, and 
GWI-4W ribbon cable. The value ofP^ was given by 
Eq. (16) as the product of the voltage and the constant 
current, and P^^ was given by Eq. (19). 

The current voltage parameters for experiment 2 
were a periodic square wave having an offset voltage 
of 1.60 V, a peak vohage of 1 .90 V, a peak constant 
current of 47.3 mA, a 36.0% duty cycle, and a fre- 
quency of 600 Hz. Peak voltage measurements were 
made with an oscilloscope (BK model 2120), and the 
time-average current was determined from a multimeter 
vohage measurement (±0.5%) across a cahT>rated re- 
sistor (1 0) in series with the lead to the cathode. The 
waveform of the pulsed ceil was a square wave* Since 
there was current only during the peak voltage inter- 
val of the cycle, TV/ ^as given by Eq. (25), and P„u 
was given by Eq. (26). 

The faradaic efficiency of gas production by a po- 
tassium cell was studied. Comparing this result with the 
sodium system allows the accuracy of the analysis to 
be seen. A closed cell was fashioned from a 150-ml 
round-bottom flask, a 2-cm x 2-mm prolate spheroid 
stir bar, a glass "Y** adapter, glass tubing bent into the 
shape of one cycle of a square wave, a 150-ml beaker, 
and a 0.01 -ml graduated buret. The cell was set up to 
mimic the calorimetry tests as closely as possible. A 
constant current (±0.1 %) supply was used to supply the 
power for the electrolysis. Current measurement was 




done with a Heathly multimeter (±0. 1 %). Gas was col- 
lected and measured in the buret. Several experiments 
were run to ensure that the cell was sealed tightly, 

Thermacore Experiment 4 

The cell was a 10-gal (33- x 15-in.) Nalgene tank 
(model 54100-0010). Two 4.in.-Iong x J-in.-diam ter- 
minal bolts were secured in the lid, and a cord for a cal- 
ibration heater was inserted through the lid. 

The cathode was a 5-gal polyethylene bucket with 
i-in, holes drilled over all surfaces at J-in. spadngs of 
the hole centers, which served as a perforated (mesh) 
support struaure, and 5000 m of 0.5-mm-diam clean, 
cold-drawn nickel wire (NI 200, 0.0197-in., HTN36- 
NOAGl, Al Wire Tech). The wire was wound um*- 
formly around the outside of the mesh support as 150 
sections of 33-m length. The ends of each of the 150 
sections were spun to form three cables of 50 sections 
per cable. The cables were pressed in a terminal con- 
nertor that was bolted to the cathode terminal post. The 
connection was covered with epoxy to prevent corro- 
sion. A central cathode was made from 5000 m of the 
0.5-mm-diam nickel wire. The wire was wound in a to- 
roidal shape with three cables, each pressed into a ter- 
minal connector that was bolted to the cathode terminal 
post and coated with epoxy. The central cathode was 
inserted into an cylindrical perforated polyethylene con- 
tainer that was placed inside the outer cathode with the 
anode array between the central and outer cathodes. 

The anode was an array of 15 platinized titanium 
anodes (ten of Engelhard platinum-titanium mesh, 
1.6 X 8 in., with a J- x 7-in. stem attached to the 
1 .6-in. side plated with 100 U series 3000; and five of 
Engelhard l-in.-diam x 8-in.-long titanium tubes with 
a 3- x 7-in. stem affixed to the interior of one end and 
plated with 100 U platinum series 3000). A j-in.-wide 
tab was made at the end of the stem of each anode by 
. bending it at a right angle to the anode. A j-in. hole 
was drilled in the center of each tab. The tabs were 
bolted to a 12.25-in.-diam polyethylene disk (Rubber- 
maid JN2-2669) equidistantly around the circumfer- 
ence. Thus, an array was fabricated that had 15 anodes 
suspended from the disk. The anodes were bohed with 
J-in. polyethylene bolts. Sandwiched between each an- 
ode tab and the disk was a flattened nickel cylinder also 
bolted to the tab and the disk. The cylinder was made 
from a 7.5- x 9-cm-long x 0.125*mm-thick nickel foil. 
The cylinder Uaversed the disk, and the other end of 
each was pressed about a 10 AWG/600 V copper wire. 
The coimection was sealed with shrink tubing and ep- 
oxy. The wires were pressed into two tenninal connec- 
tors and bohed to the anode terminal. The connection 
was covered with epoxy to prevent corrosion. 

Before assembly, the anode array was cleaned in 3 
Af HCl for 5 min and rinsed with distilled water. The 
cathode was placed in a tank of 0.57 K2C03/3% 
H2O2 for 6 h and then rinsed with distilled water. The 
anode was placed in the support between the central 
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and outer cathodes, and the electrode assembly was 
placed in the tank containing 28 I of 0.57 M K2CO3 
(Alfa K2CO3 99<^^o). The power supply was connected 
to the terminals with battery cables. 
The cell assembly is shown in Fig. 6. 
The heater was a 57.6-Q, 1000-W Incoloy 800- 
jacketed Nichrome heater that was suspended from the 
polyethylene disk of the anode array. It was POwer^d 
by a constant power (±0. 1 ^'o) supply (Invar model TP 
36-18). The voltage (±0.1^o) and current (±0.1<^?b) were 
recorded with a digital multimeter (Fluke 8600A). The 
current (±0.5R?o) was read from an Ohio Semitronics 
CTA 101 current transducer. The heating power was 
calculated by using Eq. (24). 

Elearolysis was performed at 50-A constant cur- 
rent with a constant current (±0.02%) power supply 
(Kepco model ATE6-1D0M). The value of Pappi was 
given by Eq. (16) as the product of the voltage and the 
constant current, and Pee// was given by Eq. (19). 

The temperature (±0-1 *C) was recorded with a 
microprocessor thermometer (Omega HH21) using a 
type K thermocouple that was inserted through a J-m. 
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hole in the tank lid and anode array disk. To eUmmate 
the possibiUty of temperature gradients, the tempera- 
ture was measured throughout the tank. No position 
variation was found to within the detection of the ther- 
mocouple (±0.rQ. 

The temperature nse above ambient [Ai - i leiec- 
trolysis only) - 7(blank)l and electrolysis power were 
recorded dailv. The heating coefficient was determined 
on the flv bv\he addition of 20 W of heater power to 
the electrolytic cell every 72 h; 24 h was allowed for 
steady state to be achieved. The temperature nse above 
ambient [AT^ = r(electrolysis + heater) - r(blank)] 
was recorded as were the electrolysis power and heater 

power. . , , , 

In ail temperature measurements, the blank con- 
sisted of 28 i of water in a 10-gal (33- x 15-in.) Nalgene 
tank with Ud (model 54100^10). The stirrer was a 
l^m-diam X 43-cm-long glass rod to which an 0.8- x 
2 5-cra Teflon half-moon paddle was fastened at one 
end- the other end was connected to a variable-speed 
sUrring motor (Taiboys instrument model 1075C). The 
stirring rod was rotated at 250 rpm. 



Fig. 6. CeU assembly of cxperimenis 4 through 14. 
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The blank (nonelectrolysis ceuj^w stirred to sim- 
ulate Stirling in the electrolytic cell by gas sparging. The 
1 W of heat from stirring resulted in the blank cell op- 
erating at 0.2*C above ambient. 

The temperature (±0.1*C) of the blank was re- 
corded with a microprocessor thermometer (Omega 
HH21) that was inserted through a J-in. hole in the 
tank lid. 

Thennacore Experiments 5 ThroDgh 13 

The .electrolytic cell was the same as in experiment 
4. Intermittent square-wave electrolysis was performed 
at 2 Hz at the duty cycles listed in Table I. A constant 
current supply (Kepco ATE-IOOM) was programmed at 
301-A peak current (±0.05 "yo) and driven by a function 
generator (BK Precision Dynascan model 3011). Duty 
cycle measurements were made with an oscilloscope 
(BK model 2120), and the peak current was determined 
from the voltage measurement (±0.1 *?b) across an Ohio 
Semitronics CTA 101 current transducer. The wave- 
form of the pulsed cell current was a square wave. Since 
there was current only during the peak voltage inter- 
val of the cycle, Pappt was given by Eq. (25), and Pceti 
was given by Eq. (26). 

The peak voltage (±0.1 *ro) was recorded with a 
digital multimeter (Fluke 8600A). The temperature 
(±0.1**Q was recorded with a microprocessor ther- 
mometer (Omega HH21) that was inserted through a 
}-in. hole in the tank lid and anode array disk. To 
eliminate the possibility of temperature gradients, the 
' temperature was measured throughout the tank. No po- 
sition variation was foimd to within the detection limit 
of the thermocouple (±0.1 **Q. 

The temperature rise above ambient [Ar= r(elec- 
trolysis only) — TCblank)] and electrolysis power were 
recorded at least every 24 h. In all temperature measure- 
ments, the blank was the same as for experiment 4. 

The electrolytic cell was calibrated by applying elec- 
trical power to the 10(X)-W heater with electrolysis 



TABLE I 

Duty Cydcs for Experiments 5 Through 13 
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Duty Cycle 


Experiment 


("?b) 


5 


3 


6 


4 


7 


5 


8 


6 


9 


7 


10 


10 


11 


15 


12 


20 


13 


25 



power set to near zerO^ne cell temperature rise above 
ambient [AT- r(heater only) — T(b\smk)] and heater 
power were recorded daily. The heating coefficient was 
determined on the fly by the addition of 40 W of heater 
power every 72 h; at least 24 h was allowed for steady 
state to be achieved. The heating power was calculated 
by Eq.(24). 

Thermacore Experiment 14 

The electrolytic cell was the same as in experiments 
5 through 13. Intermittent square-wave electrolysis was 
performed at 1 Hz, 20^o duty cycle, by programming 
a constant current supply (Kepco ATE-50M) at 10-A 
peak (±0.5 9o) driven by a function generator (BK Pre- 
cision Dynascan model 301 1). Data were recorded by 
the apparatus described for experiments 5 through 13. 
Since there was current only during the peak voltage in- 
terval of the cyde, Pappi was given by Eq. (25), and 
Pceit was given by Eq. (26). 

LIGHT WATER CALORIMETRY RESULTS 

Mills's theory^ predicts that the exothermic cata- 
. lytic reaction whereby the electrons of hydrogen atoms 
are each stimulated to relax to a lower energy level cor- 
responding to a fractional quantum state by providing 
an energy hole resonant with this transition will occur 
during the electrolysis of KsCOj /light water solutions 
but will not occur during the electrolysis of Na2C03/ 
light water solutions. The results of the electrolysis with 
a nickel wire cathode at S3-niA constant current and 
heater run of KiCOj appear in Fig. 7 and Table II. The 
heating coefficient of the heater run (calibration) was 
41*'C/W, whereas the heating coefficient of the elec- 
trolysis run was 87*C/W. The production of excess en- 
thalpy is observed. The higher the heatiiig coefficient 
is, the more heat is released in the process. 

The results of the electrolysis of a K2CO3 electro- 
lyte with a nickel cathode and a periodic square-wave 
having an offset voltage of 1 .60 V, a peak voltage of 
1,90 V, a peak constant current of 47.3 mA, a 36.0% 
duty cyde, and a frequency of 600 Hz appear in Fig. 8. 
and Table II. The output power was 16 times the ohmic 
input power. 

The results of the electrolysis at 81-inA constant 
current and heater run of NaiCOs appear in Fig. 9 and 
Table II. The heating coefficient of the electrolysis run 
was 47**C/W, whereas the beating coefficient of the 
heater run (calibration) was 46*C/W, The production 
of excess heat is not observed. 

The data of the faradaic efficiency of the produc- 
tion of gas by a potassium cell and a control sodium 
cell appear in Table III. 

Almost all electrolysis experiments will be similar 
to the case of Na2C03. Only a few combinations of 
electrolytes and electrodes, such as the K2CO3 case, 
will yield excess heat. 
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Time After Equilibrium (h) 

F.g. 7. E^n^riment 2: plot of .h« heating coeffdents over thne: (1) electrolysis ,«.h a nickel ^ cathode at 0.083 A in 

K2CO3 and (2) resistor working in K2CO3. 



TABLE II 

Power Input and Output Parameters of Experimente 1 Through 14 



Experiment 
Number 



1 

2* 
3 
4 
5« 

6* 
7" 
8» 
9* 

10* 

11* 
12« 
13* 
14* 



V 
(V) 



3.05 
1.90 
3.51 
3.25 
4.13 

4.04 
4.00 
3.95 
3.89 
3.88 

3.88 
3.85 
3.83 
2.37. 



Duty 
Cycle 



100 
36 
100 
100 

3 

4 

5 
6 
7 
10 

15 
20 
25 
20 



/ 

(A) 



0.083 

0.0473 

0.081 

49.9 

101 

101 
102 
102 
101 
102 

101 
101 
101 
10.5 



VI 
Power 
(W) 



0.253 
0.032 
0.284 
162 
12.5 

16.3 
20.4 
24.2 
27.5 
39.6 

58.8 
77.8 
96.7 
4.98 



(K-1.48)/ 
Input Power 
(W) 



0.130 
0.007 
0.164 
88.3 
.8.03 

10.3 
12.9 
15.1 
17.0 
24.5 

36.4 
47.9 
59.3 
1.87 



Output 


Excess 


Output 
Input 


Power 


Power 


(W) 


(W) 




0.275 


0.145 


212 


0.114 


0.107 


1630 


0.167 


0.003 


102 


137 


48.2 


155 


31.0 


21.5 


386 


43.5 


33.2 


422 


54.7 


41.8 


424 


63.2 


48.1 


419 


70.0 


53.0 


412 


58.3 


60.8 


348 


105.5 


69.1 


290 


118.1 


70.2 


247 


135 


75.7 


228 


41.0 


39.1 


2193 



•Output is greater than VI. 



TABLE III 



Efficiency of Gas Production by a K2CO3 CeU and a Na^COa 



raraaaic c 
Electrolyte. 


Faraday's 
Gas 
(mmoO 


Calculated 
Volume 
(ml) 


Measured 
Volume 
(ml) 


Efficiency 
W 


0.57AfK2CO3 
0.57 Af NaiCOj 


1.961 
1.955 


49.91 
49.69 


51.30 
49.86 


102.8 
100.3 
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Via S Fxoeriment 2* plot of the heating coefficients over time: (1) electrolysis with a nickd cathode and a periodic ^i^e 
^arhTwng a^ o f^^^ of 1 .60 V, a peak voltage of 1.90 V, a peak cons^t current of 47.3 mA, a 36.0Vo 
luty ^de, and a frequency of 600 Hz in K^CO, and (2) resistor working m K^CO,. 
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Fig. 9. Experiment 3: plot of the heatrngcocffidents over time: (l)dect^^^^ A in Na,C03 and (2) resistor work- 

ing in NajCXDj. 



Data from experiment 4 were recorded over a 
29-day period. The voltage remained rdativdy constant 
at 2.35 V, and the dectrolyte temperature was -23''C 
above the temperature of the blank. The parameters at 
day 27 are given in Table II. The on-the-fly cah*bration 
curve of experiment 4 as weU as the integral calibration 
curve for the matched blank cell are shown in Fig. 10. 

The on-the-fly heating coeffjdent of the decuolytic 
ceU was (0.17 ± O.OrC/W). The intercept at zero m- 
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put power for the integrally caUbrated electrolytic ceU 
was 8.2**C, which indicates 48.2 W of excess heat. 

It was observed that gas sparging in the dectrolytic 
cell provides suffident mixing in the absence of stirring 
so that temperature gradients were not observed to 
within their detection limit (±0.rQ. The cahTjration 
(nondectrolysis cdl) was stirred at 250 rpm to compen- 
sate for the lack of stirring by gas sparging. It was de- 
termined that the stirring power increased the blank 
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iExcess Power = 50 W i 

80 120 160 200 
Power (W) 

10. A graphical detcrminatioii of the excess power of 
experiment 4. 



temperature 0.20''C above the ambient temperature, 
and this power was not subtracted from the blank tem- 
perature in the temperature measurements. Account- 
ing for this temperature rise would mcrease the 
experimentally detcnnined electrolytic ceU excess energy 
by -1.2 W. 

From the condensed evolving water vapor, the 
evaporative losses from experiment 4 were mealed to 
be 6.5 ml per 24 h, and 402 ml of water was addedto 
the ceU per 24 h to maintain a constant fill level. The 
volume consumed by Faraday losses is calculated to be 
403 ml. Thus, the evaporative and Faraday losses 
equaled the maintenance water volume to within l^^o. 

Elemental analysis and scanning electron miCTOS- 
copy of metallurgical samples of the nickel cathode 
taken before operaUon and at day 56 of continuous 
operation were identical, indicating that the nickel cath- 
ode had not changed chemically or physically. Ele- 
mental analysis data of a sample of the nickel cathode 
taken at day 56 of continuous operation are shown in 
Table IV. Photomicrographs of a sample of the mckel 
cathode taken at day 56 of continuous operation are 

shown in Fig. U. . . ^ -ii 

The cell was disassembled and inspected alter Z5 



TABLE IV 

Chemical Analysis of the Nickel Wire of Experiment 4 
After 56 Days of Operation 



Mainly nickel 

Trace (0. 1 to 1 .0%) copper 
Slight trace (100 to 1000 ppm) magnesium 
Very sUght trace (10 to 100 ppm) aluminum and 
manganese 

Very, very slight uace (<10 ppm) chromium. Utaraum, 
silver, tin, iron, silicon, boron, and phosphorus 



TABLE V 

Chemical Analysis of the Potassium Carbonate 
Electrolytic Solution of Experiment 4 
After 42 Days of Operation 



Flame emission spectrographic analysis 
Mainly potassium 

SUght trace (100 to 1000 ppm) sodium 
Very slight trace (<10 ppm) magnesium 

Specific gravity = 1.072 

Concentration = 0.63 M K2CO3 

Solution pH = 1 1 .5 
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days of continuous operation. This inspection showed 
no visible signs of a reaction between the electrodes and 
the electrolyte. The ceU was reassembled, and it con- 
tinued to operate with an excess power producUon of 
-50 W for an additional 19 days, after which time the 
voltage and current parameters of experiment 5 were 

initiated. r>r\ 

The pH, specific gravity, concentration of 
and elemental analysis of the electrolyte sample taken 
after 42 days of continuous operation were unchanged, 
from the values obtained for the electrolyte sample be- 
fore operation. These data are shown m Table V. 

The results of the gas chromatographic analysis of 
the evolving electrolytic gases showed two^thirds hydro- 
gen, one-third oxygen, and trace amounts of mtrogen. 
No significant quantities of CO or CO2 were found, 
confirming that the K2CO3 electrolyte was not de- 
graded during operation. , 

Measuremente of neutrons were considered unnec- 
essary since Ught water was used rather than deutenum 
oxide Scintillation counter and photographic fihn mea- 
surements show no radiation above background was 
detected, indicating that ntjclear reactions did not 

^^^^ta from experiments 5 through 13 were recorded 
over a 135-day period as the duty cycle was merged 
from 3 to 25<7o. The input and output powers are Usted 
in Table II as a function of duty cycle. A comparison 
of ceU temperature rise above ambient andpower with 
the calibration curve is shown in Fig. 12. The compar- 
ison for experiment 9 shows -53 W of excess energy 
at a 7*7o duty cycle. Thb corresponds to an output over 
input power ratio of -4.12:1. ^ 
DaU from experiment 14 wctc recorded oyer a 7AO- 
day period at an operating condition of 1 Hz, 10 A. and 
20Voduty cycle. Data for day 120 are recorded in Ta- 
ble II and show 41 W of output with an output-to^i^ut 
ratio of -22 assuming lOOVo Faraday effiaency. Ac- 
tual Faraday efficiency at t^ese lown^rrent 1^^^^ 
on average) has not been cstabhshed. If the Faraday 
efficient were zero (lOO'l^o recombination), then the 
output-to-input ratio would be 8.2:1. 
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Fig. 12: comparison b«w«n ceU temperatme rise above ambi^t for dcctrolysis pc«^^ 
mcnis 5 through 13. 
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EXPERIMENTAL IDEMTIFICATION OF THE 
DIHYDRINO MOLECULE 

The dihydrino molecules would be stable to com- 
bustion relative to molecular hydrogen, and the dihy- 
drino molecule could be detected by mass spectroscopy 
with the presence of a m/e = 2 peak with a different 
branching ratio to form nx/e = 1 relative to m/e = 2. 
To test this premise, we coUected in an elastomer blad- 
der 1650 ml of the electrolysis gases from expenment 
14, which produced 39.1 W of excess power according 
to the exothermic reacUon given by Eqs. (4), (5), and 
(6) The bladder contained a spark plug that was acti- 
vated, causing an explosion of the gas contents. The 
volume of the bladder foUowing combustion was 70 ml. 
Samples of the pre- and postcombustion elecuolysis 
. gases as weU as hydrogen and water-saturated air were 
analyzed by mass spectroscopy. ^ . 

The dihydrino molecule, HJ, has a higher ioniza- 
tion energy than Hj. Mass spectroscopy of the post- 
combustion electrolysis gas sample was performed 
whereby the intensity of the m/e = 1 and m/e = 2 peaks 
was recorded while the ionization potential of the mass 
spectrometer was varied. , . r 

The results of the mass spectroscopic analysis oi 
gases evolved from experiment 14 before and aftCT 
combustion are given in Table VI; of room air saturated 
with water, in Table VII; of the standard hydrogen 
sample, in Table VIII; and of the postcombustion elec- 
uolysis gas sample whereby the intensity of the m/e = 1 
and m/e = 2 peaks was recorded while the iomzataon 
potential of the mass spectrometer was vaned, m Ta- 
ble IX. 

DISCUSSION 

From Table VI, the m/e ^ 18 and m/e = 32 peak 
intensities, respectively, demonstrate that both the pre- 



TABLE VI 

Mass Spectroscopic Analysis of Gases Evolved from the 
CcU of Experiment 14 Before and After CombusUon 
(/P = 70eV) 



and postcombustion electrolysis gas samples contained 
the same percentage of water vapor and of O2. Tlie 
predicted percentage for the precombustion electroly- 
sis gas sample is one-third, as given by Faraday s law 
for the electrolysis of water. The oxygen signal for the 
postcombustion electrolysis gases is higher than can be 
due to atmospheric contamination. 

From Table VI, tiie m/e = 28 peak intensity dem- 
onstrates that the pre- and postcombustion electroly- 
sis gas samples contained the same percentage of 
nitrogen. The nitrogen was present in trace amojmts in 
both gas samples as demonstrated by tiie m/e = 28 p^ 
intensities from Table VI and the volume change v^nth 
combustion. Froih tiie volume change, mtrogen r^re- 
sented <4<yo of tiie precombustion gas sample, and the 
m/e = 28 peak intensity of the postcombustion gas 



Mass/Charge 
im/e) 


Intensity of 
Precombustion 
Electrolysis Gases 


Intensity of 
Postcombustion 
Electrolysis Gases 


1 


1,2 X 10-' 


0.40 X 10-' 


2 


1.55 X 10-^ 


0.55 X 10-' 


3 


0.30 X 10"' 




18 


0.57 X 10-^ 


0.55 X 10-^ 


28 


0.37 X 10-^ 


0.90 X 10-* 


32 


0.69 X 10-^ 


0.65 X 10-* 


40 


0.90 X 10-* 


0.40 X 10-* 


44 


0.70 X I0-* 


0.12 X 10-* 



TABLE VII 

Mass Spectroscopic Analysis of Room Air 
Saturated with Water 
(/P = 70eV) 



Mass/Charge 
<m/e) 


Intensity 
(X 10-') 


I 
2 
18 


0.24 
0.040 
43.0 


TABLE VIII 


Mass Specttoscopic Analysis of Hydrogen 
(//' = 70cV) 


Mass/Charge 
(m/c) 


Intensity 
(X 10-') 


1 
2 

3HD 
3H3 


2.0 
300.0 
0.12 
2.0 



TABLE IX 



Mass Spectroscopic Analysis witii Varymg loniation 
Potential of Gases Evolved from the Cell of 



Ionization 
potential 
(eV) 


Intensity of Signal Mass-to-Charge Ratio 


(in/c = l) 


<m/e = 2) 


20 
70 


0.007 X 10-» 
1.8 X 10-« 


0.03 X IO-» 
1.8X10-V 
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sample was only a factor of 2,4 of that of the precom- 
bustion electrolysis gas sample. No hydrogen is anUc 
ipated following combustion. 

The data are conastent with the remammg two-thirds 

of the postcombnstion electrolysis gases compnsing 
Se dihydrino molecule. HJ. which does not undergo 
combustion with oxygen. The stpichiometnc ratio of 
two-thirds HJ to one-third 0^ gives the corral mass 
balance. The m/e = 2 peak for the postcombusUon elec- 
uolysis gases is ten times the ^tensity of the peak from 
water [Jven by the product of the rauo of m/e^2io 
m/e =18 of the water-saturated air mass specmm 
Umes the intensity of the m/e = 18 peak OI^O of Ae 
postcombnstion electrolysis gas sample].^ Thus, the 
m/e = 2 peak is assignable to Hz or to Hj. 

The wsignment to HJ is made as follows. The 
m/e = 1 peak of the postcombnstion electrolysis gas 
sample is^fieantly more intense tton that predicted 
te^roducti^ from water feven by the product of the 
«Uo of m/e= 1 to mA= 18 

mass spectrum times the intensity of the "jf = 18 1^ 
(H,0) of the postcombusuon gas sample). T^e adOi- 
tional contribution to the m/e = 1 peak predicted with 
Ssigmnent of the m/e = 2 peak to hydrogen (given 
^, Ae product of the ratio of m/e = 1 to m/e = 2 of 
the hydrogen mass spectrum times the intensity of the 
m/e = 2 ~ak of the postcombnstion elertrolysis gas 
Minple) i&ffident to explain the intenaty of 
„//= 1 peak. Thus, the speaes giymg nse to the 
m/e = 2 p^ust have a different m/e = 1 to m/e = 2 
productionefridency than H^. Therefore, the m/e = 2 

neak is assigned to HJ. 

tL dihydrino molecule. HJ. has a Ugher lomza- 
tion energy than H^. This was observed by measuring 
the intenrity of the m/e = 1 and m/e = 2 peaks while 
the ionization potential of the mass spectrometer was 
varied. The ionization reaction of H2 is 

Hj(g) - H2(«)* + e-IE = 15.46 eV . (29) 

Theionization energies of water are 
and 32 eV. The data of Table IX demonstrate that no 
m/e = 2 peak is present at an ionization potenud above 
the threS for the ionization of molecubr hydrog«. 
but a m/e = 2 peak that is too intense to be attnbuted 
to water ionizaUon is present at a si«^fi^a=|^^;8h« 
ionization potential. The data are consistent with the 
^signment of m/e = 2 to HJ, the dihydnno molecule. 

CONCLUSIOII 

We review and present three sets of heat produrfon 
and product identification data indudmg the work of 
HydroCatalysb Power Corporauon (experunents 1, A 
^d 3) and Thermacoie, Inc. (experiments 4 through 
14) We report here experimental evidence supporting 
the HPC Aeory that an exothermic reaction occurs 
wherdn the dectrons of hydrogen and deuterium atoms 
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are each stimulated to rdaTlS a quantized potentid en- 
ergy levd below that of the ^J^^^^^^V^^^"^^. 
charnical reactants and K*; Pdf + and L.*: or Pd 
and O2 of redox energy resonant with the energy hole 
that stimulates this transition. Calonmetry of pubed 
current and continuous electrolysis of aqueotis potas- 
sium carbonate (K+/K* dectrocatalyuc couple) at a 
nickd cathode was performed. TTie excess outputpowa 
of 41 W exceeded the total input power given by the 
Moduct of the dectfolysis voltage and cunent by a fac- 
tor of >8. The product of the exothermic reaction is 
Ltom having dJ^ eadi of enagy bdow the ground 
state, and they are predicted to fonn mo ecul«. Tlie 
S^acted molecules were identified by their lack of re. 
activity with oxygen, by separation from molecular 
dwterium by ayofihration. and by mass spectroscopic 

""'rhecombustion of the gases evolved during Ae 
electrolysis of a KjCOj/light water dectrolyte<JC /K 

eScMalytic duple) with a nickd cathode was 
incomplete. The mass spectroscopic analysis of uncorn- 
busted gases demonstrated that the speaes predomi- 
S living rise to the m/e = 2 peak must have a 
Saterenlm/e = 1 to m/e = 2 production effiaency than 
hydrogen. The further mass spectroscopic analysis of 
the m/e = 2 peak of tiie uncombusted gas demonstrated 
that the dihydrino molecule. HJ. has a higher loniza- 
tion energy than Hj. , 
The mass spectroscoi»c analysis of the cryofiltered 
gases evolved during the dectfolysis of a heavy water 
liOD dectrolyte (Pd^+Zli* dectrocatalytic couple) wrth 
a palladium catiiode demonstrated that the dideutrmo 
molecule, DJ, has a higher ionization en»gy than Di- 
Pallacfium sheets coaled on one side with a loflrogen- 
impermeable gold layer and on the 6thar surface 
an oxide coat (MnO,. AlO,. or SiO,) were l<«ded 
with deuterium or hydrogen. Heat was obswved from 
Ught and heavy hydrogen only when the ma«i ojode 
clat was present (Pd/O^ dectrocatalytic coupl^Jhe 
hieh-resohition (0.001 amu) quadrupole mass spectro- 
scopic analysis of the gases rdeased when a cwient was 
to fdeuterium-loaded (99.9<!fe). MnO,^ted 
paMadium sheet indicate the presence of a large shoul- 
der on the D2 peak that is due to the dideutnno mole- 

*^*FSther experiments are planned to dononstrate 
that this lower energy form of hydrogen is the product 
of heat-produdng cdls. FoUowing cryoffltrauon of flie 
electrolysis gases, the ^hydrino molecule is distin- 
guished from normal molecular hydrogen by niass «pec- 
uoscopy. The branching ratio to form m/e = 1 rdative 
to m/e = 2 that is observed for the dihydnno molecule 
is different from Uie ratio that is observ^ for normal 
molecular hydrogen. Mass spectroscopy ftirther disto- 
guishes a sample containing dihydrmo molecules from 
a sample containing Hj by showing a different ion 
production effidency as a function of lorazaUon po- 
tential and a different ion production efficiency at a 
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given ionization potential for the two samples High- 
resoluUon mass spectroscopy shows two peaks for a 
mixture of H2 and H2 • 
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COLD FUSION 



TBCHNICAL NOT£ 

KEYWORDS: cold fusion, cah- 
rimetry, electrolysis 



According to a novel atomic model, the predominant 
source of heat of the phenomenon called coldfusion is the 
electrocatalytically induced reaction whereby hydrogen atoms 
undergo transitions to quantised energy levels of lower energy 
than the conventional grotmd state. These lower energy states 
correspond to fractional quantum numbers. The hydrogen 
electronic transition requires the presence of an energy hole 
of "27.21 eV provided by electrocatalytic reactants (such as 
Pd^VU* Ti^\ orK^/K^) and results in "shrunken atoms" 
analogous to muonic atoms. In the case of deuterium, fusion 
reactions of shrunken atoms predominantly yielding tritium 
are possible. Calorimetry of pulsed current and continuotts 
electrolysis of aqueous potassium carbonate (K*/K* electro- 
catalytic couple) at a nickel cathode is performed in single- 
cell dewar calorimetry cells. Excess power out exceeded input 
power by a factor of >S7. 



I IMTRODUCnOi 

As a result of the de facto assumptions of quantum me- 
chanics and the incomplete or erroneous models that often 
follow, the prediction and development of useful or func- 
tional systems and structures requiring an accurate under- 
standing of atomic structure and energy transfer have been 
limited. The Schrodinger equation, for example, does not ex- 
plain the phenomenon referred to as **cold" nuclear fusion: 
large anomalous heat release and trace tiitiimi production of 
certain heavy water electrolytic cells having a palladium cath- 
ode and a lithiimi electrolyte. Thus, advances in this fidd are 
largely limited to laboratory discoveries that have limited or 
suboptimal utility. To remedy the shortcomings and incon- 
sistencies of quantum mechanics. Mills and Farrell' devel- 
oped a novel theory for whidi the fundamental laws of nature 
are shown to be applicable on all scales. Maxwdl's equations, 
Einstein's general and special relativity, Newtonian mechan- 



ics, and the strong and weak forces are uxufied. Their theory 
is a quantum theory in which the four quantum numbers of 
the electron of the one-electron atom arise naturally without 
gamma factors and provide an explanation for the seemingly 
contradictory and inconsistent observations of cold fusion. 
A summary of the development of the theory pertinent to 
cold fusion follows. 



IL THE ONE-ELECTRON ATOM 

One-electron atoms include the hydrogen atom, HeQ), 
Li(II), Be<]II), and so on. In each case, the nucleus contains 
Z protons and the atom has a net positive charge of (Z - I )e. 
All forces are central. The mass-energy and angular momen- 
tum of the electron are constant; this requires that the equa- 
tion of motion of the electron be temporally and spatially 
harmonic. Thus, Laplace's equation applies and 

ILA. The Boutfary CoDdHiott 

The condition for radiation by a moving charge is derivisd 
from Maxwell's equations. To radiate, the space-time Fou- 
rier transform of the charge density function must possess 
components that are synchronous with waves traveling at the 
speed of light.^ Alternatively, for nonradiative states, the 
charge density function must not possess space-time Fourier 
components that are synchronous with waves traveling at the 
speed of light. 

n.B. The Radial Fonctioa 

Mills and Farrell' do not solve for the radial function 
from Laplace's equation. Rather, they treat this as a bound- 
ary value problem and assume a delta function for the radial 
function: 

/(r)=6(r-r„) , (2) 
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where r„iszn allowed radius. [Note that the boundary con- 
dition for solution of the radial function of the hydrogen 
atom with the Schrodinger equation is * 0 as r-^ 0. Here, 
however, the boundary condition is embodied m Eq. {2).\ 
Thus, this trial function implies that the allowed states are 
two-dimensional spherical shells (zero thickness) of charge 
density (and mass density) at specific radn r„. These shells 
are referred to as electron orbit spheres. When the form ol 
the charge density function is known, the boundary condition 
(for nonradiation) can be applied to determine speafic con- 
ditions for r„. Here, the results of Mills and Farrcll' are 
given: 

2t (nr,) = 2xr„ = nX, = X„ . (3) 

where 

n = 1,2,3.4.... 

X, = allowed wavelength for n = 1 

ri = allowed radius for n = 1. 
There are several noteworthy features of Eq. (3): 

1 . Values of n other than the traditional 1,2.3, arc al- 
lowed. 

2 The potential energy is a constant (at a given n) be- 
cause the electron is at a fixed distance r„ from the nucleus: 

(4) 



where €o is the pennittivity of free space. 

3. The kinetic energy and velodiy squared are constant 
because the atom does not radiate at r„ and the potential en- 
ergy is constant: 

T, = lm.vi. (S) 

4. The linear momentum must be constant: 

p„ = ±mev„ . (6) 

5. The wavdcngth must be constant. Using the de Broglie 
relationship. 



ELECTROLYTE 

Charge is consented as wdl, and the charge of an electron can 
be superimposed on its mass. That is, the angular mass den- 
sity function A{d,M is also the angular charge density 

function. . ^ * 

. The electron orbit sphere expenences a constant poten- 
tial energy because it is fixed at r = r„. To avoid being puUed 
into the nucleus, the orbit sphere must rotate. It is the rota- 
tion of the orbit sphere that causes angular momentum. The 
rotational energy of a rotating body is 

where 

/ = moment of inertia 

u = angular velocity. 
The angular velocity must be constant (at a given n) because 
r is constant, and the energy and angular momentum arc con- 
stant. The allowed angular velocities are related to the al- 
lowed frequencies by 

The allowed frequencies are related to the allowed velocities 
by 

r„ = .„X„. 03) 
The allowed velocities and angular frequencies are related to 
^nby 

.„ = r„co„. 04) 
(15) 



(7) 



ILC The Angular FoitctioD 

The radial function for the electron indicates that the 
electron is two-dimensional. Therefore, the angular mass den- 
sity function A{$,Mof the electron must be a solution of 
the Laplace equation in two dimensions (plus time): 

where u is the linear velocity of the electron. 

Conservation of momentum and energy allows the angu- 
lar functions and time functions to be separated: 

Aie.M = Y{e,4>)K{t) . 00) 
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rrteri 
h 



06) 



The magnitude of the angular momentum |Ll must be con- 
stant. The constant is ft: 



^ 1 /j 



|L„| = m^v„r„ « me — r„^h : O?) 
Thus. Eq. (9) becomes 

2/lsinflW\ SeJr 
x^((?>,f)=£4(».*.0 . 08) 
The space-time angular function ^(tf.^i,/) is separated 
into an angular function and a time function. y(^,^)A"(0. 
The time^iarmonic function Kit) = exp(iw„/) is a sohition. 
IHcre. again, tiie boundary condition (for nonradiation) de- 
termines the specific conditions for a>„.l When the time- 
harmonic function is eliminated. 



-*![_Llfsin6A) 
2/lsinfl«\ W/„ 

X y(e,^)'=£m*) 



+ — 
sm 



09) 

Equation (19) is the equation for the rigid rotor. The angu- 
lar function can be separated into a function of © and a func- 
tion of *. and the solutions are well known.^ The energies 
are given by 

' = 0.1.2.3 (20, 
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The angular functions are ihe spherical harmonics YPi^t^). 
The spherical harmonic = 1, J = i. is also a solu- 

tion. The spherical haimonics can be positive or negative (de- 
pending one); the most negative value is -1. But the mass 
of the electron cannot be negative, and the charge cannot be 
positive. Thus, to ensure that the function is always positive 
or zero, the form of the angular solution must be 

where Ys{<l»J) is called the angular spin function and 
Yri<t>*e) is called the angular orbital function. The function 
Yf"{^»e) can be thought of as a modulation function. Thus, 
the angular momentum can be thought of as arising from a 
spin component and an orbital component that have corre- 
sponding energies. One result of this model for / = 0 [uniform 
charge (mass) density] is that some of the angular momentum 
()dnetic energy) is not counted in the spin angular momentum 
• (rotational energy). That is, for any spin axis, there is an in- 
finite number of great circles with planes passing through that 
axis with angles other than 90 dcg. All points on any one of 
these great circles are moving, but not all of that motion is 
part of the spin angular momentum (rotational energy); only 
that motion perpendicular to the spin axis is part of the spin 
angular momentum (rotational energy). Thus, the spin angu- 
lar momentum (rotational energy) is always less than the total 
angular momentum (kinetic energy). The following relation- 
ships roust hold: 

/« < A . (23) 



It can be shown' that the energy stored in the magnetic 
field of the electron orbit sphere is 



and 



(24) 



Furthermore, it is known from the Stem-Gerlach experiment 
that a beam of sflver atoms splits into two components when 
passed through an inhomogcneous magnetic field. The mea- 
sured spin angular momentum is vjft, and the angular mo- 
mentum in the direction of the applied field is ±A/2. Given 
a uniform density of points traveling on great circles with a 
total angular momentimi of h, it can be shown' that the pro- 
jection of the total angular momentum onto the spin axis is 
VjA. The Stem-Gerlach experiment implies a magnetic mo- 
ment of one Bohr magneton and an associated angular mo- 
mentum quantum number of J. Historically, this quantum 
niunber is called the spin quantum number m„ and that des- 
ignation is maintained. 

Iia The Magnetic Field from the Spinning OHrit Sphere 

The orbit sphere is a spinning shell of negative charge. 
For / = 0, the orbit sphere gives rise to a magnetic moment 
of one Bohr magneton,' 



9.274 X 1 0-"J/T 



and a magnetic field,' 



({,cosfl-4sinff) . for r<r„ 
-£5-5 ({.Zcostf - 4sintf) . for r>r„ 



Note that the magnetic fidd is a constant for r<r„. 
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ILL Detenninatifin of r« 

The one-electron orbit sphere is a spherical shell of n^- 
ative charge (total charge = -e) of zero thickness at a dis- 
tance r„ from the nucleus (charge = +Ze). For the ground 
state (/I = 1), the centrifugal force of the electron is given by 



fcaitr^ugai — ' 



(29) 



The centripetal force is the Coulombic force /ctow/ between 
the electron and the nucleus: 



-^^-4r^rf ' 
where c© is the permittivity of free space. Thus, 

Using Eq. (16). 

4irtofi* 



(25) 

(26) 
(27) 



The Bohr radius is substituted into Eq. (32): 

4T€oft' 



and 



''1 = ^ 



(30) 



(31) 



(32) 



(33) 



(34) 



ILF. Energy Calculations 

The potential energy *^can be calculated from the force be- 
tween the electron and the nucleus [Eq. (30)1 and the radius r i : 



= -Z^ X 27.2 eV . 



= -Z2x4.3675x 10-'* J 



(35) 



Because this is a central force problem, the kinetic energy T 
is -\V: 



r=^?^£^=Z^X 13.159 eV . 



(36) 



The same result can be obtained from T = ^ntevi and 
Eq. (16). 

Alternatively, the kinetic energy, which is eqtial to the 
stored electric energy £gie, can be calculated from 



1 , 



where 



2e 
4«or' ' 



(37) 
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dr 



(38) 



(39) 
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Thus, as the orbit sphere shrinks from « to 

8xeo J- 

^ ^ ^2 X 2.1837 X 10-" J 

8ireoffo 

= X 13.589 eV . (40) 

111. EXCITED STAHS OF THE ONE ELECTROM ATOM 

It is weU known that resonator cavities can trap electro- 
magnetic radiation of discrete resonant frequena^. The or- 
bit Sphere is a resonator cavity and can trap photons of 
discrete frequencies. Thus, photon absorption occurs as an 
excitation of a resonator mode. „ f^,^^ 

An electron in the ground state in = 1) is in force 
balance: 

(41) 
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Thus, 

€i.= s i; B/.„(/+i)i'-*'*'W(<^'.<')+i^s"'n*.«)] . 

/r=0 me-/ 

(47) 

Given that €{proton) = +e/4«or„' and that the elct^c 
fields of the proton and photon must superanpose to yield a 
field equivalent to a central point charge of +Ze/n, the phCH 
ton electric field for each mode is dctermmed as foDows. The 
angular part of the charge, density function of the orbit sphere 
SfOT^ balance must be in phase with the electric field of the 
orbit sphere because the relationship between the total elec- 
trie field equation and the photon charge density function is 
given by MaxweU's equation in two dimensions: 



ji-(Ci-€2) = - » 



(48) 



where 



When an electron in the ground state absorl« a Photo"* 
sufficient energy to take it to a new nonradiativc state (n - 
2,3 4 ... ), force balance must be maintamed. This is possi- 
ble oily UZ^ = Z/n; therefore, 

(42) 



n = normal unit vector Or) 
Cj = 0 = electric field outside of the orbit sphere 
€2 = total electric field at r„ = noo 
a - surface charge density. 

Thus, 

C ir photon |r-aeM« 

= _■ ■- (-1 - Re[/[yr (<^.f) + Yri<t>.e)]]) 

4xeo(n''o) \ " ' 

(49) 



The reducUon of the charge from Ze to Ze/n « caused by 
UB^ing a photon in the orbh sphere cavity-a sphcnc^ ^v- 
Photon^s electric field creates standing waves in the 
with an effective charge of (-1 + 1^)^^ ^^/-^ ^ 
SScharge experienced by the dectronis the simi of the prg. 
onand photoVcharge components. The equation for tfi«e 
U^ped photons can be solved as a boundary value problem 

^'^s^thtw'nis'^^^^ 

the radial electric field of the photon at r„ is 

- /-I + i"! ^ . « = 2^3,4 (43) 

The general form of the solution to Laplace^s equation in 
spherical coordinates is 

/oO ms-/ 



= f; L i)(/wo)-*'*"^ 



(50) 



for 



n = 2,3,4...: 

„^_/,_/4. 1,..,.0,,..,+/ . 

and 

._£l_(_i + iRcli[yr(*,<>)+rr'(*,tf)l)) . 

4«o(nflo) \ " ^ 
Therefore, 



AU /I/ „ are zero because the elcctnc fidd given by the po- 
tentiJ must be inversely proportional to the radius to oMam 
force balance. The electric field is the gradient of the po- 
tential: 



and 



and 
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(45) 



(46) 



e(nflo)^ 1 

€irphotonn,l,tn— ^^^^ ^('+2) 



X (-1 + i Rei/iyr(«^.«f)+ rr'(*.e)3i) . 

(53) 
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where 



dr total = sum of the photon and proton electric fields: 



■{- 



1 + -Rei/tyr(^,«) + 



(54) 



For r = mzo. the magnitude of the total radial electric field is 



and 



total — 



(56) 



' /I 4ir€o(«Co) 

For quantum numbeni «, /, and m, the potential functions are 
solutions to LapUce's equation. AU boundary ^^nditions are 
met for the corresponding electric fields. Thus. Eq. (54) is the 
solution of the excited modes of the resonator cavity (orbit 
sphere). And, the quantum numbers of the electron arc n, /. 
m(mi), and m,, as described in Sec. II. 

The energy of the photon that excites a mode m a station- 
ary spherical resonator cavity from radius ao to radius noo is 

After multiplying Eq. (57) by 

Oo _ 4«oA^ 
Co e^m^ao 

where flo is given by Eq. (33). Wptown is 
ft 



(58) 



In the case of an electron orbit sphere, the resonator possesses 
kinetic energy before and after the exdtation. The kmcUc en- 
ergy is always one-half of the potential energy. As a residt. 
the energy and angular frequency to cxdte an electron orbit 
sphere is only one-half of the values m Eqs. (57) and (58). 

The angular velocity of an electron oibit sphere of radius 
noois 



m«(n<ro) 



5iumTarbon 



(59) 



AQUEOUS POTASSIUmTaRBONATE ELECTROLYTE 

orbit sphere is one-half of the excitation energy of tibe 
Ijy ca^ty because the change in kinetic energy of the elecl^ 
o7bit sphere supplies one-half of the necessary energy. The 
photon can cany zero or ±h units of angular momentum 
HB^ 07^1^ during exdtation. the spin, orbital^r to- 
S^angulir mom;ntum of the orbit sphere ^ change by zero 
or +ft The decuon transition rules arise from conservation 
of Ingular momentum. The radius of an orbit sphere m- 
CTeas« with the absorption of elecUomagnetic cner^. On 
^J^tion, the orbit sphere radius E<>f P'^yi,^!^* 
electron is a plane wave (consistent with double-sht expen- 
ments) with a de Broglie wavelength of X = fi/p. 

PAIR PRODUCTION 

Matter and energy are interconvertible and yc*^ »- 
scnce different states of the same entity. The state, matter 
orl;rgy is determined by the laws of nature and tije prop- 
^es ofspace-time. A photon propagates 
weU's equations at the speed of Ught m space-tme with 
^SiJric Impedance Matter as a f undamentjl^de ^a^^ 
ated in space-time from a photon. Matter obeys the laws of 
sp^al rdativity, the relationship of motion to spacjsUmc 
^space-time is curved by matter according to the laws ^ 
generS rdativity. Rdationships must exist between tiie^ laws 
Ke implid^ fundamental constants. The conv«rsjao jf 
Energy into matter requires a transition state in whi^ the 
identification of the entity as matter or energy is »mposslbU^ 
From the properties of tiie entity, as mattw or en«;gy, and 
from the pbysi^ laws and the properties of space-time. Ae 
trTsition state hereafter called a virtual orbit sphere is de- 

"''^or example, a photon of energy 1.02 MeV become a 
positron and an dectron in tiie presence of charge. Th^s P^f " 
S^enon, caUed pair production, involves the con^atiw^ 
of mass/energy, charge, and angular ^o^^^^:^^^ 
duction occurs as an event in space-time wht^ aU boim^ 
conditions are met according to the pM laws: 
^nations. Newton's laws, and Einstdn's special 
Nativity, where matter and energy are mdistmgmshabk 
any ph^kl property. Matter exists as orbjt sphci«: thu^^^^ 
conversion of energy to matter ^^.^""^^^^^'f^ 
equations derived earlier. It must ako dependon the 
tions of electromagnetic radiation and the properties of ^ 
time because matter is aeated from dectromagneDc radiation 

as an event in space-time. 

Matter and Ught obey the wave equation rdationship. 



The change in angular vdodty of the orbit sphere for an ex- 
dtation from n = lton=njs 

_ ft ft _ ft ^ - i- ^ (60) 

The kinetic energy change of the transition is 



i7 = X'-- . 
2w 



(62) 



The boundary condition for nonradiation by a virtual orbit 
sphere is 



where 



The change in angular vclodty of tiie dectron orbit sphere 
[Eq. (60)1 is identical to the angular vdoaty of the photon 
for the exdtation «^ lEq. (58)]. The energy of 
the photon to exdte the equivalent transition m an dectron 

FUSION TECHNOLOGY VOL. 20 AUG. 1991 



« = 1.2,3.4... 



and where and X* are the allowed radii and wavdcngths 
for the virtual matter in question. 

^Se^onship between the potential enew of an 
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electron orbit sphere and the angular velocity of the orbit 
sphere is 

1 



n 4t«oWo 



(64) 



It can be demonstrated that the velocity of the electron 
orbit sphere satisfies the relationship for the velocity of a 
wave by subsUtution of Eqs. (3) and (15) into Eq. (62), which 
gives Eq. (16). Similarly, the relationship among the veloc- 
ity of light in free space c, frequency «, and wavelength X is 

c = xf , (65) 

and the energy of a photon of frequency u is 

£ = Aw . (66) 

Recall from Sec. Ill that a photon of discrete frequency « can 
be trapped in the orbit sphere of an electron that serves as a 
resonator cavity of radius r„ where the resonance excitation 
energy of the cavity is given by Eq. (64). 

The angular velocities of the orbit sphere and trapped 
photon are the same, and the ratio of thdr linear velocities is 



In a similar fashion, the intrinsic impedance of free space 
can be calculated as 

1/2 / 4t X 10-"^ \^ 



X — 



^photon 



(67) 



2v 



where the subscripts n refer to orbit sphere quantities. 

Consider a virtual electron orbit sphere, which is defined 
as the transition state between light and matter where light 
.and matter are indistinguishable. For this case, the velocity 
of the electron virtual orbit sphere is the speed of light in the 
inertial reference frame of the photon that formed the virtual 
orbit sphere. Substituting c for v„ in Eq. (62), X„ given by 
Eq. (3) [where rj is pvcn by Eqs. (32) and (33)] for X, and of 
w„ given by Eq. (15) for « results in 



m,(/iflo)^ 



Maxwell's equations provide that 

\l/2 



:=(-Lr 

\«oMo/ 



(68) 



(69) 



The result of substituting Eqs. (33) and (69) into Eq. (68) is 

(70) 

In fact, o is the fine-structure constant (a dimensionless 
constant for pair production).^ The experimental value is 
ij7.ki6i* However, by the boundary condition for ndnradi- 
ation [Eqs. (3) and (63)] 1/n must be 1 divided by an integer. 
That integer is exactly 137. . , ^ ^ ^ ,^-7 

The permeability of f«« space is defined as Ar x 10 
N/A"^. The experimental permittivity to of free space is ex- 
tremely close to l/36x X 10-» F/m, and the experimental 
value of cVA is extremely dose to jfe. 

To match the boundary condition [Eq. (3)1, h/e = 
4110 = (30)(137) exactly, and €© = 1/36t x 10'' F/m ex- 
actly. 
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36t 



and the speed of light is determined to be exactly 



I 



: = 3 x 10* m/s 



— ^=.^.« . (72) 

The result that c is exactly 3x10* m/s may app«r counter- 
intuitive giveu the arbitrary nature of the definitions of me- 
tres and seconds. However, mks units are not arbitrary. They 
are defined according to mutually dependent relationships be- 
tween the constants and the electric and magnetic force laws. 
The units take on significance by the definition of no in 
terms of Newtpns per square ampere. It can be demon- 
strated' that this definition fixes the exact value of the con- 
stants and gives rise to an exact definition of the second, 
metre, and kilogram. 

The radius of the virtual electron orbit sphere is Oq/ISI, 
and the potential energy V is given by Eq. (64), where n 
is ^: 



K= - 



(I37)V 
4ir€o<'o 



(73) 



Substituting 



«o = 



4irco;i^ 
(30)(137) , 



-(sr- 



120t , 



and 



i-T 



into Eq. (73) results in 

K=mec2. (74) 

Furthermore, the result of the multiplication of both sides of 
Eq. (15) by A, r„ = n«o, and substituting 



= (30) (137) . 



(2 



: 120t 



and 



yields 



c= (-i-r 

\«oMo/ 



Aw 1/137 — fteC^ 



C75) 
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The relativistic factoi, 




7 = 



for an orbit sphere at radius r'/l37 <«o/lf ^^^^^^^^ 
L 2x. The energy stored in the magneUc field of the electron 
orbit sphere is 

_ viipe^h^ (76) 

As a result of substituting ao/137 fdr r 137 f or (recall 
that r„ = ao/Z^h the relativistic mass Irnie for m„ 



Thus, the resonance frequency of a virtual elecUon orbit 
sphere is 

(81) 



1 



Using 



flo = 



Co-- 



!L = (30)(137) , 



and 



then 



!L = (30)(137) 



120^ 



= 120i 



h 



(82) 



and 



= (-)" 



C77) 



Thus, the energy stored in the magnetic field of the 
tual dection orbit sphere equals the ^l^^T^li^ra feS 
of the virtual orbit sphere. The magneuc field is a relativis- 
tic effecTof the electrical field; thus, equivalence of the po- 
untii^d magnetic energies when u = c is given by speaal 
reSiVitTwh^^ese ener^es are calculated usmg Maxwd^^^s 
^uatioL^ energy stored in the electric and magnrtic 
Kofa photon arfequivalent. The ^orr^n^g^^ 
d«rt Mierjes of the virtual orbit sphere are the dectnca^po- 
feS^Te^gy and the energy stored in the magneuc field of 

*'sS^^!tiIli?baneIectricalLCc^ 
p«danceof exactly 



^ / 4,xl0-' \^ 



120ir 



C78) 



The circumference of the virtual ^^^^^ V' ' f ? ^7 S 
2x1^37. Hie relativistic factor for the radius of flo/137 is 
2%^. due to relativistic length contraction the toUl ca- 
padtaJI^ of free space of the virtual orbit sphere of radius 
flo/137 is 



137 ' 



(79) 



where «o is the capadtance of space^me per unit length 
Tfarad ^ metre), amilarly. the inductance i! 



Thus the LC resonance frequency of free space for a wtual 
IlSSonorbU sphere equals the ang^ frequency of the pho- 
tnn that forms the virtual orbit sphere. 

m imSance of any LC drcult goes to trrmity when it 
U excftrfat^e resonance frequency. Thus, the electron ™- 
tuS^o Wt sphere is an LC circuit excited at the conesjxmd- 

rSS^a"^«»cy of free space. THe unpedance of free 
s^l^^b^rTes infinite, and dectromagneUc radauon M 
D^aSw At this event, the frequency, wavelength, veloc- 
to aS^d ^e^y of the virtual orbit sphere are equal to hat of 
Ihe ^ot?" The mass/energy of the election virtua^^ orb 
SDhere U «acUy the rest mass at infimty. Thus, a re^ orto 
SS« de^on U formed at infmhy (with zero veloaty)from 
me dlaron virtual orbit sphere in the presence of a central 
electric field of 

4ir«o'- 

where aU of the electton virtual orbit sphere equations devel- 

nSTur~--s?n';?tw.apo.u^^ 

,n formed of two photons of energy equal to the 

^I^Te^BT the electroi,. (Photons supmmpose; thus. 
^"^uXn ^ with a single photon of energy equal 

t^p*a"^od"uSon.^-"e„«- is conserved. 

raSb^pt"l^«.^»""?^^^^ 

\ r^mnton wavelength bar ^c. where V = " 

bit sphere equals c; 



(84) 



L = 



(80) 



2ir ' ' 137 ' 
where fio is the inductance per unit length (henry per metre), 
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the transition to fractional quantum states and the resulting 
"shrunken** atoms account for the phenomenon called cold 
fusion. 



V. HECTER AND CDULOMBIC ANNIHIUTION FUSION 
(COLD FUSION) 

For the hydrogen atom, the radius of the ground-slate or- 
bit sphere is oo- This orbit sphere contains no photonic 
waves, and the centripetal force and the Coulombic force bal- 
ance. Thus, 

^ = . (85) 

It is shown in Sec. Ill that the electron orbit sphere is a 
resonator cavity that can trap electromagnetic radiation of 
discrete frequencies. The photon potential functions are so- 
lutions of Laplace's equation. The photons decrease the nu- 
clear charge to 1/n and increase the radius of the orbit sphere 
to noQ. The new configuration is also in force balance: 

^ = ^^^^ . (86) 

nao 4xco(nflo)^ 

Mills and Farrell* propose, however, that the orbit sphere 
resonator can trap photons that increase the nuclear charge 
and decrease the radius of the orbit sphere. This occurs, for 
example, when the orbit sphere couples to another resonator 
cavity that can absorb energy— this is the absorption of an 
energy hole. The absorption of an energy hole destroys the 
balance between the centrifugal force and the increased cen- 
tral Coulombic force. As a result, the electron is pulled to- 
ward the nucleus. If another allowed state that obeys the 
boundary conditions is not available, the electron plunges 
into the nucleus. 

Now, recall that, for the He* ion (Z = 2, a one-electron 
atom), an allowed state exists at 0.5ao- It can be shown that 
if a ground-state hydrogen atom emits a photon of —27 eV, 
two photons are created— one is ejected and one remains in 
the orbit sphere. The photonic wave in the orbit sphere cre- 
ates an effective charge at the orbit sphere such that the elec- 
tron experiences an effective charge of +2e and establishes 
a new centripetal/CouIombic equilibrium at rj/2 = 0.5 Oq. 
That is, the orbit sphere shrinks from ri - oq to ri/2 = ao/2: 

= -4 X 27.178 eV = -108.70 eV . (87) 

The kinetic energy of the shrunken orbit sphere is -J K or 
7= 54.35 cV. The ground-sUle hydrogen atom has a net en- 
ergy of -13.59 eV, and the final hydrogen atom has a net 
energy of -54.42 eV (the Same as Hc+). and £^E - -40.83 
eV for the reaction 

H(Z^=l;r, =ao)-H(2<(^ = 2;r,^ = 0.5flo) • (88) 

That is, -27 eV is lost with the absorption of the energy hole, 
and - 14 eV is given off after absorption of the energy hole. 
It is shown later that the resonance energy hole of a hy- 



drogen atom that excites resonator modes of radial dimen- 
sions aQ/{m + 1) is 

m X 27.2 eV , (89) 

where 

m — 1.2,3,4,. . . . 

After resonant absorption of the hole, the radius of 
the orbit sphere shrinks to ao/{m -H), and after p cydes of 
resonant shrinkage, the radius is ao/imp +1). 

In other words, the radial ground-state field can be con- 
sidered as the superimposition of Fourier components. . The re- 
moval of negative Fourier components of energy m x 27.2 eV, 
where m is an integer, gives rise to a larger positive electric 
field inside the spherical shell, which is a time-harmonic 
solution of Laplace's equations in spherical coordinates. In 
this case, the radius at which force balance and nonradiation 
arc achieved is a^/{m 1), where m is an integer. In de- 
caying to this radius from the ground state, a total energy of 
l(/n -I- I)^ - I^] X 13.6 eV is released. The process is here- 
after referred to as hydro gen e mission by catalytic thermal 
electronic relaxation (HECHXR). 

The electric field of a hydrogen atom, or a deuteriuin 
atom, is zero for where r„ is the radius of the orbit 

sphere of the electron. Thus, as the orbit sphere shrinks, ap- 
proaching nuclei experience a smaDer Coulombic barrier, and 
the intemuclear distance (between two deuterium atoms, for 
example) shrinks as well. As the intemuclear separation de- 
creases, fusion is more probable. In muon-catalyzed fusion, 
for example, the intemuclear separation is reduced by -200 
(the muon-to-electron mass ratio), and the fusion rate in- 
creases by -80 orders of magnitude. In a catalytic system that 
produces energy holes of 27.21 eV, deuterium atoms can be 
repeatedly shrunk, and the intemuclear separation can be 
much smaller than the muon reduction. These smaller inter- 
nuclear distances yield much higher fusion rates. Mills and 
Farrell' call this fusion process Coulombic annihilation fu- 
sion (CAF). 

It is important to note that the products of CAF are tri- 
tium. ^H, and protons, 'H. In hot fusion, deuterium nuclei 
collide randomly and produce -50% plus 'H and -50% 
^He plus a neutron. In CAF, however, the nuclei are mov- 
ing slowly and will collide in the most favored Coulombic 
arrangement- with the two protons as far from each other 
as possible. Thus, for CAF, significantly more 'H will be 
produced than ^He. 

Titanium(l}) is one of the catalysts that can cause reso- 
nant shrinkage because the third ionization energy is 27.49 eV 
[m = 1 in Eq. (89)]. Thus, the shrinkage cascade for the/7*th 
cycle is 

27.491 eV Ti- + (^) ^ Tt- + + [^] 
+ {{P + 1)^ -P^l X 13.6 eV (90) 

and 

ri3+ -H c - - Ti2+ + 27.491 eV . (91) 
The overall reaction is 

2h(^) -=^h[-j^^] + [(P+ 1)^-P'] X 13.6 cV . 

(92) 
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Note that the energy given off as the atom ^^^^'^^^''^ 
greater than the energy lost to the energy hole, and the tntt^ 
Sllscd is large compared to conventional charucal r^cdons- 
^bidiurnq) is also a potential catalyst. The second ion- 
ization energy is 27.28 eV: 



27.28 eV + Rb^ + ^H^^] 

+ [{p+l)'-p'lxl3.6eV 



Rb2-^ + e- + ^H 



(93) 



and 



Rb^+ + c- - Rb"" + 27.28 eV 



(94) 

The overall reaction is the same as Eq. (92). 

Less efficient catalytic systems hinge on the couphng 
threeTesonator cavities. For example, the third lomzation en- 
S ^of palladium is 32.93 eV. This energy hole ^sot^^y 
to^ high for resonant absorption However LiG)^^^^^^ 
5.392 eV when it is reduced to Li. The ^^I^^^^^^^^^ 
to PdOII) and Li(I) to Li, then, has a net energy change of 
27.54 eV: 

27.54 eV + U^ + Pd^^ + ^H^^) 



and 



Li + Pd'+ - Li* + Pd^* + 27.54 cV . 



(95) 



(96) 



SSlWrCARBOl 



The overall reaction is the same as Eq. (92). 

Z cm^^t catalytic system that hinges on fte o»uphr« 
of three resonator cavities involves P^tf^^-f ' ^"^^ 
the second ioniiaUon energy of potassium is 31.63 eV. TWS 
ener^ hole is obviously too high for 
HovSver Km releases 4.34 eV when it is reduced to K. The 
" Son of K^o KOI) and K(I) to K. then, has a net 
energy change of 27.28 eV. 

27.28 eV + K* + K* + ^H(^) 

+ l(p+l)'-n']xl3.6eV 



AQUEOUS POTASsWfcARBONATE ELECTROLYTE 
At force balance, 

ft' = ^fff^^ . (101) 
m.(r„)' 4Teo(r„)' ' 

Shrinkage occurs because the ^^^j^/J^ff'?; 
creases by an integer m when Eqs. (99). (l<»\^„f <'°'> ?^ 
satisfied by the introducUon of an energy sink of a coupled 

comprising an electrochemical couple. The coupled resoM 
J^Tro^di energy holes and affects the shrinkage transiuon 
fromT. initial rfdius ao/(mp + » iK a 

(mp + 1) to the second radius {oo/inUp + D + 11)^°.^ 
iudear charge of m(P + D ^uU^ 
boundary condition that trapped photons must be a soimion 
to l^Dlace's equation determine that the energy hole to ca^ 
Ska1e^r^venbyEq.(89).Mare»ltof»^^^^^ 

deuterium atom emits a photon of m x f'-ZleV • 
photon is absorbed by the coupled resonator. Steted mother 
way. the deuterium atom absorbs an energy hok of m x 
27I1 eV The energy hole absorption causes a second pho- 
ton to b^'tSS^d in Oie deuterium atom de-ro?"'^''^. 
Recall from SecTlIl that electromagnetic ^^^F^^f' 
oiergy can be trapped in a resonator avity. shown pre- 
3. the photonic equation mjist be »j;>'»f?™ 
olace's eouation in spherical coordinates. The photon field 
?ompriS an elenric Held that provides fo"^ ^aUnce^d 
rZ^diative orbit sphere. The solution boundi^ 
value problem of the radial photon electnc field is given by 

_ ■ <"'">> - 1-1 + niyr(*.«) + JTl) .• 

(102) 

It is aoparent from this equation that, for / = 0 and given 
an ii^Mto of \a,/(mp + 1)1 and a f""' "i"' °^ 
ll?h^l:e^^.^J^ttiKr?rH»rx"?^^^ 

Srisfied as the effective nuclear charge mcreases by m. Fur- 

and by increasing the charge by m m Eq. (101). 



tm(p+ 1) + 



and 



K + K2*-^K+ + K* + 27.28cV 



(97) 
(98) 



meCo 



= [m(;7 + l) + ll' 



t[m(£+J)+il£i£ 
4T«oflo 



(103) 



The overall reaction is the same as Eq. (92). 

In absorption of an energy hole causes the orbit 

sohe?e rSol wnsition from one suble nonradiatjve 
S w ^oth^ stable nomadiative radius, -^^^"^l 
force is attractive; thus, the ortiit sphere dinito wh« ef- 
Snudear charge increases. The orb* J-her* ha^» ^ 
tial radius r„ initial effective nuclear diarge Z^r. «nd mitial 
velocity ^ven by the condiUon for nonradiation: 



2t(Wi) = nX, , n = l.J, J.J. • • 



and 



(99) 



(100) 
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force balance is achieved and the orWt "^^^^ 
The enenty balance for m = 1 is as follows. An uutiai en 
crgy of ^eVU emitted as the energy hole ^M^^ 
^tlS Increases the ef fecUve nudear *argeby one and 
deceases the potential by 27^21 eV. More enerBr^ omtted 
until the total energy released is l(p + D "f .V ,\L 
in gS the ^onance energy to »use *I 
radius from a. to a,/(m + 1) is m x 27.21 eV. where m- 
1.2.3.4. The resonant absorption of ttos o«rgy h^e <^ 
the effective nudear duirge to increase by m Ai^. the oiew 
released in going from infinity to «o/(m + D u (" + D X 
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where m is the same as the m for the finaJ radius {ao/m + 1) 
leads to shrinkage to the same final radius of the orbit sphere. 

VI. METHODS 

A search for excess heat during the electrolysis of aque- 
ous potassium carbonate (K+/K+ electrocatalytic couple) 
was investigated using single-cell, silvered, vacuum-jacketed 
dewars. To simplify the calibration of these cells, they were 
constructed to have primarily conductive heat losses. Thus, 
a linear calibration curve was obtained. Three methods of dif- 
ferential calorimetry were us^ to determine the ceD constant, 
which was used to calculate the excess enthalpy: 

1 . The cell constant was calculated during the experiment 
(oD-the-ny-calibration) by turning an internal resistance 
heater off and on and inferring the cell constant from the dif- 
ference between the losses with and without the healer, 

2. The cell constant was determined with no electrolysis 
processes occurring by turning an internal resistance heater 
off and on for a wclI-stirred dewar cell and inferring the cell 
constant from the difference between the losses with and 
without the heater. This method overestimates the cell con- 
stant because there is no gas How (which adds to the heat 
losses). 

3. In the third method, rather than keeping the ambient 
temperature constant while raising the cell temperature with 
heater power input, the ambient temperature was lowered 
and heater power was applied to maintain a constant cell tem- 
perature. This method caused the least perturbation to tem- 
perature-dependent elertrochcmical processes. 

' The general form of the energy balance equation for the 
cell in steady state is 

O^P^p/+QH,r + a«-Ptas-QiasT . (104) 

where 

Pappt = electrolysis power 

= power input to the heater 
Q„ = excess heat power generated by an unknown 
process 

Pgas = power removed as a result of evolution of H2 
and O2 gases 

Qiaa = thermal power loss from the cell. 
When an aqueous solution is clcctrolyzcd to b'bcrate hydro- 
gen and oxygen gases, the electrolysis power Pappi (= Eappil) 
can be partitioned into two terms: 

Pappl = Ecppll = + • (10^) 

An expression for P^as (= ^ta^n is readUy obtained from 
the known enthalpy of formation of water from its elements: 



The cell was calibrated for heat losses by turning an internal 
resistance heater off and on while maintaining constant elec- 
trolysis and by inferring the cell conductive constant from the 
difference between the losses with and without the heater, 
where heat losses were primarily conductive losses through 
the top of the dewar. When the heater was off, the losses 
were gjvcn by 



of 

where F is Faraday*s constant, which yields = 1.48 V for 
the reaction 

H2O-H2+ iOj . 
The net Faradaic efficiency of gas evolution is assumed to be 
imity; thus, Eq. (105) becomes 

i>««=(£«^-l-48n/. (106) 
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c(n- n) = Pcppi+o + Q„-p,, 



(107) 



where 

c = conductive heat loss coefficient 

Tfr = ambient temperature 

Tc = cell temperature. 
When a new steady state is established with the heater on, the 
losses change to 



( r; - ^^) = + QAn. + & - 



(108) 



where a superscript prime indicates a changed value when the 
heater was on. When the following assumptions apply, 

P appt ~ ^appi * 



and 



Pros — Pgt 



r gas — gas » 

the cell constant a, the reciprocal of the conductive loss co- 
efficient c, is given by 



(109) 



Also, the slope of the plot of Ar = ^ - Tb versus Pr = 
Qhtr + Pmt is the cell constant: 

AT' - Ar 



(110) 



VII. EXPERIMENTAL 

An electrolytic cell was assembled comprising a 500-inl, 
silvered, vacuum-jacketed dewar with a 5<m opening covered 
with a 0.75-in .-thick tapered rubber stopper (vessel A) fitting 
0.25 in. into the dewar mouth or a 200-ml, silvered, vacuum- 
jacketed dewar with a 3-cm-diam opening covered with Para- 
film (vessel B). 

The cathode was a 7.5-cm-wide x 5-cm-long x 0.125- 
mm-thick nickd foil (Aldrich 99.9-1- '?«) sjwral with a ^^nm di- 
ameter and 2-mm pitch with a nickel lead strip (cathode A) 
or a 5-cm-long x 0.75-cm-diam graphite rod with a 0.127-mm 
platinum lead (cathode B). The nickel cathode was prepared 
by tightly rolling the nickel fofl about a 9-mm rod. The rod 
was removed, and the spiral was formed by partially unroll- 
ing the foil. , . 

The anode was a 10-cm x 1-mm-diam spiraled platmum 
wire (Johnson-Matthey) with a 0.127-mm platinum lead wire 
(anode A) or a 2.5-cm-diam x 7.5-cm-hi^ platinum basket 
with a 1-mm-diam platinum lead wire (anode B). When an- 
ode A was utilized, the cathode/anode separation distance 
was 1 cm. When anode B was used, the cathode/anode sep- 
aration distance was 1.2 cm. 

The electrolyte solution was 100 ml of 0.57 M aqueous 
K2CO3 (Aldrich KjCOj * JH2O 99+%) (solution A) or 
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100 ml of 0.57 M aqueous NajCOs (Aldrich NajCOs Amer- 
ican ChemicaJ Society primary standard 99.95+'7«) (solu- 
tion B). . . , 

The resistance heater used dunng cahbration and oper- 
ation comprised a 100 or 10 J Q, 1% precision metal oxide re- 
sistor in a 2-mm-o.d. Tenon tubing powered by a vanable 
direct current <dc) voltage power source (±0.5'7«). 

A constant dc current (±0.1'7o) was provided by the cir- 
cuit shown in Fig. 1 (mode Q. A constant dc voltage power 
supply (±0.5%) was used directly in the continuous current 
mode (mode B). A power controller with the circuit shown in 
Fig. 2 was used to provide intermittent current (mode A). The 
current voltage parameters were an intermittent square-wave 
with an offset voltage of -22 V, a peak voltage of -2.75 V, 
a peak current of -175 mA. an -35% duty cycle, and a fre- 



+9 



LM 317T 




In Out 
Adjust 








15 0< 1^5 V 

W 

1 -i 



Fig. 1. Schematic of the circuit used to provide constant dc 
current. 
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quency of -500 Hz. The voltage and current waveforms arc 
shown in Figs. 3 and 4, respectively. , 

In stirring mode A, the electrolyte solution was stirred 
with a 7-mm x 2-cm spheroidal ellipse magnetic stirring bar 
that was spun by a 6-cm-long open magnet mounted on an 
open shaft revolving at 750 rpm under the dcwar. The shaft 
was that of an open mixing motor (Flexa-Mix model 76, 
Fisher). The temperature correction for the Joule heating of 
stirring was determined from an idenUcal experimental appa- 
ratus that was only stirred. . j 

In Stirling mode B, the electrolyte solution was stirred by 
a 2-cm-wide X 1 -cm-high glass paddle connected to a 40-cm- 
long X 5-mm-o.d. glass rod that entered the dewar vertically 
through a 6-mm-i.d. vacuum greased glass tube implanted 
through the rubber stopper covering the dcwar. The rod was 
rotated at 380 rpm by a mixing motor (Ughtnin model L. 
Mixing Equipment Company) controlled by a variable auto- 
transformer (Fowerstat model 116B). The temperature cor- 
rertion for the Joule heating of stirring was determined by 
stirring the electrolyte and measuring its temperature relative 
to the temperature of an unstirred matched cell before initiat- 
ing an experiment. Otherwise, the experiments were stirred 
by gas sparging from the gases produced during electrolysis. 

Nickel cathodes were initially operated in reverse polar- 
ity with a continuous or time-averaged current of 80 mA for 
30 min to break in a new cath()de. This.operation condiUoiis 
the electrode and makes the electrolysis more surface uni- 
form. Following any change in heater power, an intentional 
ambient temperature change, or commencement of electrol- 
ysis, time was allowed for the cell temperature to estabhsh a 



To Power 
Supply 




To 
Cathode 



Fig. 2, Schematic of the drcuit used to provide intermittent (on/ofO dc voltage. 
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Hg. 3 . Voltage versus time oscilloscope trace of the circuh of Hg . 2. 
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£. 100 



5 



50 



heater power input, the ambient temperature was lowered by 
adjusting the thermostatic control of the room temperature, 
and heater power was applied to maintain an approximately 
constant cell temperature. The room temperature and heater 
power were adjusted until the excess heal before and after the 
change in ambient temperature were equal. The ambient tem- 
perature reached a steady-state temperature (±0.rC) in 8 h, 
and the cell reached a steady-state temperature (±0.1*0 4 h 
later. The temperature difference between the cell and a 
matched nonopcrative cell was determined with a thermom- 
eter (±0.rQ. ^ _ 
For circuit A, peak voltage nQcasurcments were made with 
an osciUoscope (BK model 2120), and the time^yeraged cur- 
rent was determined from a multimeter vohage measurement 
(±0.2<7k) across a calibrated resistor (1 0) in scries with the 
lead to the cathode. The waveform of the pulsed cefl was a 
square wave. Since there was current only during the peak 
voltage interval of the cycle. P^ppt [Eq. (105)1 is ^en by the 
product of the peak voltage and the peak current and the 
duty cycle, which is the product of the peak voltage and 
the time-averaged current. In circuit B, voltage across the cdl 
was measured with the multimeter, and the current was de- 
termined from the multimeter voltage measurement across a 
caLTirated resistor (1 0) in series with the lead to the cathode. 
For this mode, Pappt [Eq. (105)] is given by the product of 
the constant voltage and the constant current. 

VIII. RESULTS 

A summary of the results of the excess enthalpy released 
during the electrolysis of potassium carbonate (K+zTC^ dectro- 
catalytic couple) as well as the results for the control (so- 
dium carbonate, for which no elecirocatalytic reaction of 
-27.21 eV is possible) are given in Table I, which also lists 
the experiment number. Experiments designated with a num- 
ber followed by an "A" had heat added to the ejq^enment des- 
ignated by the same number. 

Figures 5 through 9 show the difference between expen- 
mental cell temperature and the temperature of a matched 



2 3 4 & 

Time (ms) 

Hg. 4. The current versus time oscilloscope trace of the drcuit of 
Fig. 2. 



new steady state before data were recorded. The time for the 
temperature to stabilize following the commencement of elec- 
uolysis was typically 12 h. The time for the temperature to 
stabilize following an increase of heater power of -0.3 W 
was -4 h for cells with no electrolyas and for electrolytic ccDs 
operating for >12 h. The dewar was agitated prior to a tem- 
perature reading to ensure thorough thermal mixing. 

The outside of the vessel was maintained at ambient air 
temperature, which was monitored, and the difference be- 
tween cell and a matched ijonoperative cell vtras determined 
with a thermometer (±0.rO. Ambient temperature fluctu- 
ations per 24 h were typically <0.5''C. (The matched non- 
operative cell was structurally and chemically identical, but 
the electrolysis current was zero and the heater power was 
zero. In the case of stirring mode A. the matched nonopcr- 
ative cell was stirred identically.) 

For another method, rather than keeping the ambient 
temperature constant while raising the ceU temperature with 
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-1.5 -1.0 -0.5 0.0 OS 1.0 1.5 2.0 2.5 3.0 

Hg 5. Plots of the differences between cell temperature and the 
tcmperatuir of a matched nonoperativccdl (AD as a func- 
tion of total power Pt for (a) KjCO, experiments 14 and 14A 
in which the electrolysis current was maintained at -85 mA 
and (b) KjCOj experiment 16A in which electrolysis cur- 
rent was zero. Increasing temperatures were recorded as the 
cah*bration resistor was stepped m power. The curves are fit 
to the solid symbols. 
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Fig. 6. Plot of the difference between ceU ^«°r«^5?« 
^ temperature of a matched nonoperativc ceU (^^^*^ « 
tion^^total power Pr for K.CO, 

in which the electrolysis current was maintained at 82 niA. 
Tn^J^Lr em^atSes were recorded as the cahbra^on 
step^ in power, m curve was fit to tbff sohd 

circles. 



ng. 8. Plot of the difference between cdl ^^^^^^i^, 
rcmperature of a matched nonoperative ccU ( AD as a fimc- 
uW^al power Pr for NaiCO, «penmen^ 18 and 
\ll The electrolysis current was roamtained at 79.7 mA. 
{nSeas^ temperatures were recorded as the calibrauon 
resistor was stepped in power. 




Fig 7. Plot of the difference between celt ^e^tu« ^d^ 
Temperature of a matched nonoperauve ceD i^T) Jf J 
total power Pr for K^CX), experiment "A. 
eSlrolysis a^«nt was zero. Increasing t«np«Jti«« w^ 
J^dod as the calibration resistor was stepped m power. 



nonoperative ceU (AD as a function of total power Pr for 
diffcTMt electrolysis currents. The value of Pt is 

Pr^PaU-^Qhtr * 

Where P^ is calculated using Eq. (106). Increasing tcm^ 
Ttm^ w«e recorded as the calibration resistor was stepped 

^ TScO, experiment 16A, there was no hyd^^f "^.J^^l^- 
act,^dS c^ent is a control of <h^crcnt^^^ 
for K-^, OTcrimcnts 14 and 14A. The plot for KjCt^ 
Z^Z^SJ^^^ 5) is Unear with ^-^^^1,^, 
^intercept of zero, which ind^cat« ^^^.^f^'^^^^ 
ever, the plot for K2CO3 experiments 14 and l^AJK 
d^ocatSlytic couple) <see Fig. 5) is highly nonhn^r 

t^pera^ ninge and approximate^ h^^ th^^ 
aftS. Intcrpolatioii of the linear data to the mtcroept indi 
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TTj*, q Plot of the difference between ccD lemperatme and the 
fJ^U^ml of a matched nonoperative ccD ( AD as a fmK- 
tS?TtotaI power Pr for Na.CO, expei^entt 19^ 
19A The electrolysis current was mamtained at 79.7 mA. 
{n^ieS^ t^P^ures were recorded as the cah-bration 
resistor was stepped in power. 



cat« an excess temperature of -15'C. IM"Pototioi. of the 
Sear dita to the x iiiterapt indicates an excess pcwer of -10 

n,'^*pK?^;nus Pr for ^^^^^^^^ 
and 18A and 19 and 19A are shown m F^- 8 ^ 
tively. No electrocatalytic reacoon of -^Jl'^"J^^ 
for sodium: thus, these experiments represent controb that 
chinfcany identical b« an electroc^»t«c 

^u^o toduce the ehitrons of hydrogen «V>f«°^^ 

TqLtized potential '^"^f^^Xni^en^ 
stie by providing a redox energy-energy hole (27J« eV) i«r 
^ IS this transition. Tbcst ^.^^J^^^J^ 
to«»t and a y intercept of zero, which in<^f . "f,?^ 
Siowever. the plots for KrfX), «^?«* "'J^il'^i 
^15A (K*/K+ electrocatalyUc cowle).. 
^d 6, respectively, are highly nonlinear m the 2S to 50 C 
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TABLE 

Percentage Excess Enthalpy Where the CeU Constant 



Experiment 


Solution- 




Anode 


Vessel 


K2CO3 
1 


A 




A 


A 


lA 


A 


A 


A 


A 


lAA 


A 


A 


A 


A 


2 


A 


A 


A 


A 


2A 


A 


A 


A 


A 


3 


A 


J* 


A 


A 


jn 


A 


B 


A 


A 


4 


A 


A 


A 


A 


4A 


A 


A 


A 


A 


5 


A 


A 


A 


A 


5A 


A 


A 


A 

A 


A. 


6 


A 

A 




A 


A 


6A 


A 


A 


A 


A 


7 


A 


A 


A 


A 


7A 


A 


A 


A 


A 


8 


A 


A 


A 


A 

A 


8A 


A 

A 




A 


A 




A 


A 


A 


A 


9A 


A 


A 


A 


A 


10 


A 


A 


A 


A 


lOA 


A 


A 


A 


A 

A 


llA 


A 


A 


A 

A 








A 


A 


A 


13 


A 


A 


A 


A 


13A 


A 


A 


A 


A 


14 


A 


A 


A 


A 


14A 


A 


A 


A 


A 


15 


A 


A 


B 


B 


15A 


A 


A 


B 


B 


16A 


A 


A 


A 


A 


HA 


A 


A 


A 


A 


NajCOg 
18 


B 


A 


A 


A 


19 


B 


A 


A 


A 



Stirring 
Mode 



A 
A 



A 
A 



Mode 



A 
A 
A 
A 
A 

A 
A 
A 
A 
A 

A 
A 
A 
A 
A 

B 
B 
A 
A 
A 

A 
A 
B 
A 
A 

B 
B 
C 
C 



C 
C 



Duty 
Cycle 



40 
40 
40 

35 
35 

40 
35 
35 
35 
35 

35 
35 
35 
35 
35 



35 
35 
35 

35 
35 

35 
35 



Frequency 
(Hz) 



500 
500 
500 
500 
500 

500 
500 
500 
500 
500 

500 
500 
500 
500 
500 



500 
500 
500 

500 
500 

500 
500 



*See Sec VII for an explanation of the experimental configurations. 

'Qhtr = heater watts added to raise the temperature of the ccD during operauon. 

^^ATa]^ ^'a^r - temperature change in the ceU due to the heater . 



temperature range and approximately linear thereafter, lirter- 
polation of the linear daU to the y intercept mdicates an ex- 
cess temperature of -15'*C. Interpolation of the hnear data 
to the X intercept indicates an excess power of - 10 times the 
input power. For each e35)crimcnt, the upper limit of the cdl 
parameter a was detcnnincd from the slope at *55**C. 

linear plots of Ar versus Pt for heater alone (no elec- 
trolysis) K2CO3 control experiments I6A (Fig. 5) and 17 A 
(Fig. 7), which go through zero at the origin, validate the orig- 
mal assumptions that the losses were conductive. The upper 
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limit of the cell parameter a was determined from the slope. 
The cell parameter was slightly lower for electrolytic ccBs com- 
pared to matched nonelectrolytic cells, as shown in Ftg. 5. This 
is attributed to the additional heat loss due to gas flow in the 
electrolytic ccUs. 

The results of the determination of the cell constant, 
Qja, and Qi, at an operating temperature of -32*C appear 
in Table II. For calibration runs (KjCXH experiments 20A1, 
20A2, 20A3, and 2QA4), the ambient temperature was -2 to 
5**C lower than in the reference ccD (K2CO3 experiment 20), 
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Was Determined by On-the-Fly-Calibration* 



Offset 
Voltage 
(V) 



2.73 
2.36 
2.32 
2.19 
2.55 

2.93 

2,795 

2,185 

2.02 

2.12 

2.01 

2.425 

2.47 

2.17 

2.04 



2.1 
2 

2.1 
2 

2.5 
2 

2.1 



Peak 
Voltage 
(V) 



3.37 



Peak 
Current 
(mA) 



3.43 


180 


2,96 


1 1^ 


3.22 


/I/ 


2.79 


231 


3.15 


217 


3.63 


163 


3.295 


231 


2,685 


254 


2.42 


245 


2.72 


225 


2.51 


248 


3.125 


205 


2.97 


208 


2.77 


246 


2.54 


228 


2,42 


■ fj 


208 


80 


2.4 


131 


2.1 


1 14 


2,4 


117 


2.25 


117 


2.8 


114 


2.31 


80 


2.55 


243 


2.6 


217 


3.08 


85 


2.9 


89 


2.748 


82 


2.247 


82 


3.48 


79. 



79.7 



Cell 
Constant 
(*C/W) 



14.8 

15 

14.8 

14.8 

14.8 

14.8 
14.8 
14.8 
14.8 
14.8 

14.8 
14.5 
14.5 
15.7 
15.7 

16.9 
16.9 
14.8 
14.8 
14.6 

14.6 

18 

15.6 

15.25 

15.25 

14.8 
14.8 
17.5 
17,5 
15.9 
15.5 

19.7 
19.6 



(W) 



0 

1.044 
2,196 
0 

2.196 
0 

2.196 
0 

2.21 
0 

2.22 
0 

2.22 
0 

0.911 
0 

0.99 
0 

0.778 
0 

1.96 
0-76 
0,771 
0 

1.537 
0 

1.59 
0 

2.028 



8.9 
29 
47.2 

4.2 
45 

6.2 
49.5 

4,5 
46.5 

4.8 

43 

5.4 
44.5 

4.3 

25 

4.2 
28.1 

3.1 
25.7 

2.8 

41.2 
22.6 
23.7 
4.4 
38.9 

6-9 
40,9 

5,7 
51.5 



3.2 
3 



(«C) 




CQ 






2.08 


15.67 


13,33 


1 


32.9 


14.3 


2.17 




1.56 


32,9 


12.1 


1.88 






2.42 


32,94 


16.56 


2.17 




1.58 


33.17 


1333 


1.19 




1.45 


33.3 


9.7 


1.32 




1.71 


33.3 


11.2 


1.57 




1.74 


14.3 


10.7 


1.33 






1,19 


16.73 


11.37 


1.08 




0.626 


11.51 


14.19 


0.367 




0.551 


28.65 


12.5 


0.461 


13.68 


8.91 


0.95 


12 


11.7 


1.036 




1.39 


23.4 


15,5 


1.3 






2.01 


23.5 


17.4 


1.87 




1.82 


35.5 


16.01 


1.01 






3.14 






2.95 



when beater was off 
X 100 , when heater was on . 



and heater power was added to make the temperature of «ch 
calibration cell approximately equal to the cell temperature 
of the refcrena ceU. The ccU constant was detennmed by sub- 
tracting Eq, (107) with the parameters of the reference run 
from Eq. (108) with the parameters of each calibration run, 
and Eq. (106) was used to determine P«// for each equation. 
It was assumed that the losses were conductive and that 
0„ = QL^ The assumption that the losses Qt^s, were con- 
ducive for these sUvered dewars is supported by the data of 
Figs. 8 and 9. The assumption that <2t, = G^, was venfied by 
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calculating these parameters from the ccU constant deter- 
mined. 

IX. DISCUSSIM 

The data clearly indicate that excess heat was generated. 
Once the technique was perfected, each experiment using po- 
cS)onate produced excess heat. Some expenmeats 
'^c^i^tt^ to operate for weeks and the ex«^ 
m^S relatively constant. What is the source of this excess 
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TABLE 

DcterminaUon of the CcU Constant by Lowering the Ambient Temperature 



Experiment 



K2CO3 
20 

20A1 
20A2 
20A3 
20A4 



Solution 



A 
A 
A 
A 
A 



Cathode 



A 
A 
A 
A 
A 



Anode 



A 
A 
A 
A 
A 



Vessel 



A 
A 
A 
A 
A 



Sturihg 




Voltage 


Mode 


Mode 


(V) 


B 


B 


2.38 


B 


B 


3.08 


B 


B 


3.11 


B 


B 


3.11 


B 


B 


3.2 



enthalpy? Electrochemical reactions that consume the elec- 
trolyte can be ruled out because any proposed electrochem- 
ical reactant would be completely consumed over the duration 
of these experiments. Nickel forms a hydride during cathodic 
electrolysis, but this process is endothermic* The weight of 
the nickel cathode was unchanged by use in a heat-producing 
cell to within O.OOOOl g (the cathode was rinsed after 36 h of 
operation, then dried and degassed in vacuum before the final 
weight was determined). The only remaining candidates are 
heat-releasing reactions involving the elertrolytically gener- 
ated hydrogen or oxygen atoms or molecules. Because the ex- 
cess enthalpy exceeds that which can be accounted for due to 
complete recombination, new processes must be sought. 

The results are consistent with the release of heat energy 
from hydrogen atoms where the K*/K* dectrocatalytic cou- 
ple induces the electrons of hydrogen atoms to relax to a 
' quantized potential energy level below that of the ground 
state by providing a redox energy-energy hole (27.28 eV) r«- 
onant with this transition. The balanced reaction is given by 
Eos (92), (97), and (98). Excess beat was also measured when 
KzCOi was replaced by RbjCOa. The Rb+ ion (energy hole 
from tiie second ionization is 27.28 eV) alone is electrocata- 
lytic according to the reaction gjven by Eqs. (92), (93), and 
(94). No excess heat was observed when K2CO3 was replaced 
by Na2C03 as demonstrated with Na2C03 experiments 18 
and 18A and 19 and 19 A, shown in Figs. 8 and 9, respec- 
tively. For sodium or sodium ions, no elecirocatalytic reac- 
tion of -27.21 eV is possible. For example, 42.15 eV of 
energy is absorbed by the reverse of the reaction given m 
Eq. (98), where Na+ replaces K*: 

Na+ + Na+ + 42.15 eV - Na + Na^* . 
It has not been overlooked that other researchers have re^ 
ported anomalous heat,'' tritium.'-* and neutron production 
during electrolysis of heavy water using a Ktiiium salt electro- 
lyte and a palladium cathode. The excess enthalpy is reported 
to be substantially larger tiian can be accounted for by nu- 
clear reactions that produce tritium or neuuons. In these 
cases, the couple is Pd^+ZU + (27.54 eV). The balanced reac- 
tion is given by Eqs. (92), (95), and (96). The excess heal 
arises from the HECTER process, and the tra« 
actions are due to CAF as described in Sec. V. The HECTER 
process produces much greater quantities of heat energy than 
typical chemical reactions. 

Ncuuon'''** and tritium*** emissions from heavy water 
electrolytic cells using a titanium cathode and deuterium gas 
cells with titanium shavings have been reported. The tritium- 
to-neutron ratio is reported to be 10» (Ref. 10) as opposed to 
the 1:1 branching ratio of to 'He observed for hot fu- 
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sion. This result is anticipated for CAF. In the case of tita- 
nium. Ti^+ (27.49 eV) is elecirocatalytic according to the 
reaction given by Eqs. (90). (91), and (92). 

The data indicate that the shrinkage reaction is temper- 
ature dependent. This is clearly demonstrated by the nonlin- 
ear curves in Figs. 5 and 6 and by comparing the heated 
experimenU (Table 1) and the experiment of the same num- 
ber for which heater power was zero. Most chemical reactions 
double thdr rates for each 10**C rise in temperature. Increas- 
ing temperature increases the collision rate between the hy- 
drogen atoms and the electrocatalytic couple, which increases 
the shrinkage reaction rate. With large temperature excur- 
sions from room temperature, the kinetic energy distribution 
of the reactants can be suffidentiy altered to cause the energy 
effecting the hydrogen shrinkage transition and the electro- 
catalytic redox reaction to conform to a greater or lesser ex- 
tent. The rate is proportional to the extent of conformation 
or resonance of these energies. 

The source of reactant hydrogen atoms is aqueous electro- 
lytic production on the surface of the nickel cathode. Electrol- 
ysis and the associated ohmic losses consume require) 
input power. The losses obviously rise with a rise in current. 
However, increased current increases the concentration of re- 
actant hydrogen atoms. A trade-off exists between total ex- 
cess power and percentage excess power. It was found that 
increasing the current with a concomitant increase in the con- 
cenu-ation of reactant hydrogen atoms increases the total ex- 
cess power but decreases the perccnUge excess power. During 
continuous electrolysis, much of the reactant hydrogen is lost 
as evolved gas. It was anticipated that more efficient pro- 
duction of reartant hydrogen could be provided by an dec- 
trolyste circuit that periodicaUy generates reactant hydrogen 
atoms and allows them to react in the absence of further 
power dissipation. Comparing the experimenU of Table I 
with pulsed peak current of -115 mA with those with con- 
tinuous -SC^mA current electrolysis, it can be appreciated 
that the efficiency of heat generation is correlated wiUi the cf- 
fidency of hydrogen atom generation. For example, the in- 
put power of K2CO3 experiment 9A, which was pulsed, is 
one-third tiiat of K2<503 experiment 8A, whidi was operated 
with continuous current. The ratio of the percentage excess 
power of K2CO3 experiment 9A to K2CO3 experiment 8A is 
3. An intermittent current G.e.. on-off) dectrolyas circuit in- 
creases the percentage of excess heat by providing an optiinal 
concentration of hydrogen atoms (reactants) while minimiz- 
ing ohmic and dectrolysis power losses. The frequency, duty 
cycle, peak voltage, step waveform, peak current, and offset 
voltage were adjusted to achieve the optimal shrinkage reac- 
tion rate and concomitant power whfle minimiTing ohmic and • 
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0.132 
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0 

0.3249 
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0.2621 
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0.0711 
0.4689 
0.3067 
0.3942 
0.4341 


3.2 
9.6 
7 

8.4 
9 


16.09 
16.13 
16.095 
15.98 


0.128 
0.127 
0.128 
0.129 


0.128 
0,127 
0.128 
0.129 



electiolyris power losses. When the K;/K- '^^^^^^ 
couple was used with carbonate as the countenon. mckd 
He c^ode, and platinum as the anode an -n"^ 
square-wave with an offset voltage of -2^ V^a^ vo^^ 
ale of -2 75 V, a peak current of -120 mA, an « n"'^ 
^ and a freliu^ of -500 Hz optimised the percentage 

""SSS only the results for carbonate are reported, a 
stro^^ndLe'of the excess enthalpy on ttesuuaj^^ 
5We oftfie countenon was found. For carbonae. the 
Sfof sttteto the fractional quantized state of the hydrogra 
atZSy invoWes a neutral complex of '2^'^ 
iuSSposrf potassium ions. The coun erion of ^^\?- 
<^^c couple of the electrolytic solution can affect the 
Stegel^on rate by altering the energy of the trana- 
ftoJTsUW ]^«ample. the transition state complex of the 
K°/K?d«^J^^c iouple with the hydrogen atom has a 
+2AargnmdtavoKesathr«e-body collision, whichBunfa- 
vor^bl"A-2*argedoxyanioncanbi..dthetwopotas«^^ 
toM- *m it provides a neutral transition-state complex of 
"hose formation depends on a binf^rcoto^. 
whS> is grraUy favored. Tlie rate depends on the separation 

ff A. potassium ions as part of the comj*<?«^ 
™«»;«n Thi neater the separation distance, the less favor- 

^SrS^SeS^?"^?-^^^^ 

uposition of the potassium ions increases the rate. 

'^irther work to enhance the power, to se^ch for^m- 
ical species with shrunken hydrogen atoms, and to s«rch^ 
prod^ of predicted subsequent nuclear P^<x=«ses <C\F) 
foUoW the shrinkage reaction are in progress. Preliminary 
dtSite that the electrolysis of a heavy water po^mm 
^bonate electrolyte at a nickd cathode produces sigmficant 



quantities of tritium, but the amount is much less than can 
account for the heat observed. 
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r- .^m*« m/ results of dUJ^nntiol heat loss cahrimetry 
^ wiwM A« ^attr solutions 

"^rSl^JlTand S^^^^^^ nickiicJctie ttrt presented 

^^^^^^ 

impenant nty enerty sount. 



IRTMDUCTION 

TlK studiM in thii paper follow ths leneril llnei of the 

nniVtinaWy conjidered whm exctu entrgy a dilmed. 
Si .y^^n flf «cos eoefgy production durir>» the electrol- 

taT^ »«ird»rin, .iKtrelyri. of ordinary 
ScVeTSa othode. mong other proppitd "j^;! 
Un«pW^ri excess h«t in ligh. w«t« is jbo " » JJ* . 

li^ bv Bush «t al.' Mills and Knelzys' claim to have ob- 
fSnri oSSs energy above the amount .pent durini the 
'?^i«u^f » J^COi ordinary water solution with a luckel 

u nMobiwved when Na:COj Is eleetrolyied. Furthennore, 
^„u"»S eftos during the'electrolysU of light water have al«. 

'"ThHape^'c".?™ he heating coefilciem. for a 
• w i/M«inuin Wi/Pi) circuit with ihoae for a reslator 
El« iS VacuC-U electrolytic celU cemaining 

^ro or Na>«)rNote that the ««:ess energy effect from 
?^d°e^?^SiV«nccnt.i^;jyK;^^ 
in these studies) in U reported in Ref. 6. 



.VUiungKhOlarM Franklin and MwhJl Celine. Chetniitry D- 
panment, Laneasiei. Pennsylvinia. 
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EXPERIMtNTAl DETAILS 

The experinettts were carried out by observing and conv 
paring the temperature di«««nce. AT, =J.^™g, 

?"'*".*Sl^.t'^w«'^o*ldS.rSi lfea«:^iS.ed vec. 
aS'Te::^". Tc^orimeter o-- 
rnnfiiuntion and containing the same amount of electroiyi-. 
^e ^ M dWKKl" (nickel cathode and platinum anode). 
XKet.^d theJmistpr (thermometer) and stirred a 
!^ ..me »«d WIS used as a blank: neither electrolysis nor 
h«tK th. t«i tSr*as carried out !n this dewar. Exp«- 
a so^ried out by using as a blank a dewer used 
rpreru.exp^im«;»^ 

pr«U« cl^thS .wo sp«n^ de..rs used 
Each dewar had a 3<ni opening, and a 
wlrter stopper was placed ! cm into the dewar. Ttie wpeti 

mmtJ ipSJatus for the dlffereniial »fi'" 'J"! 

menisi • ii«iiite the siuifies m Ref . 4, the re- 

"'"''".^^^^.^^'^^d^ ^at not run »multaneously 

5Jw)Wris drcuil were studied in separate runs. 

A? is usual in electrochemistry, measures r"* "V" 

scour the p atlnum anode with steel ?SrJi Re- 
SS«ntr«r*d HNO„ and then nns. ««h 

*""llfter ««mbUng the expefimtni.1 setup, the nickel cftih- 
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NoniMki EXCESS HEAT WITH LIGHT WATER SOLUTION 




10— 



Fig I. Experimenial leiup: (1) vacuum-jackeied dewar. (2) ihtr- 
* momeicr. (3) platinum anodt. (4) nickel cathode, ti) maj- 
ntSc rimig bar. (6) resistor heaier. (7) rubber stopper. (81 
Tenon tubing. {9) m»gnciic stirrer, and (10) aluminum 
cylindef. 



current w« reversed (platinum anode and nickel cathode), 
and the electfolysu was carried out for l^^o/* 

The elccirolyjii heating power was calculated as Ph - 
f£w - £^ Is the appUed elearolyiif voUage. 

\% the eleitwlysis current (the term -electrolysis power « 
u«d here for convenience, denoting only the power coninfcK 
u lng to the joule heating effect during the 
? 48 V is the Uoenthalpic voUage. which at the t«np«atum 
tudied practically coincide, with the ihermoneuiral voltMe. 
?he resistor heater power was calculated « - 
where /* denotes the resUwr current and Em denotes the re- 

Th^mhode was a 7.5<tn.long x 4<m.wide x 0.0125. 
crn-Sck J?kel foU (Aldrich 99.9*^) ^^"^^^ 
drical form. The anode wo a O.I-cro^iam x I0<ni-long 
pSunJS™ re (Johnson-Maithcy). The .piril "^de^d Ae 
?^ndrical cathode were parallel u> each other. ^^^^^ 
2S«d into Teflon tubes to prevent any ^f^^^^^^l"^^ 
U^e evolving goes. The electrolyte solution m bo^ ^ew3 

dSiUcd water was from the common dlstiUer of 
S^oa^Sit of Franklin and Marshall CoUegc, The power 
^Sffi^by "zenith SP J718 power supply <»l»«~gS 
^Swuco^n'ent <0.1^). The resistance heater w»s*10CMQ. 
?S^^lon, metal oxide resistor in i 2.mmK).d. TeCon 
tube The electrolyte solution in both dewars was stirred sU 
SSu'an«osly (synchronized for the two dewars) by two id«j- 
5Si tSSi^ magnetic routed by ^J^J^ 
•tirrers at -300 rpm. Electrolysis voltage and current were 
r^SSS by rl^oleiihley 169 multimeters, "<* the mistor 
iXge and current were measured by Exiech 380198 and 
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Micronta :2.185 A multlmcicr, with and 0^00^^^^^^^ 
curacY rcspecUvely. The use of vacuum-jacketed dewars, 
Xr ihan^rVketed dewars or simple flaiks. made the 
m« uriSJnU more sensitive (higher heati^JS^*^"^^^^^^ 
a vacuum-jacketed dcwar unit, inpu po*" * 
sicsdy-stai temperature, thus «*Wing difference^ m Kcady^ 
state lempcratures (for the same configurauon) to be more 
proSoS. The temperatures in this «udy w« mom^^^^ 
Continuously using the ctpabUity of the standard calonm«<n 
^^T318) to record the temperature contmuously (with 
& accuracy) on their .trip<hart recorder (Fishcr Record- 
all Series 5000). 

RESULTS AND DISCUSSION 

The results of the study are shown in figs. 2 through S. 
Fiaure 4 is based on the data presented in Figs. 2 and 3. Fig- 
SSTIho^ STabsolute change in the -^^/^wTe 
of the dewars at different conditions, while Fig. > 
input powers in each case. It can be seen from f «8. 3 ha 
wWle the input power with the resistors working was consiu^i 
^ expeAedrJhe input elearolysi, power '^^^^^^^ 
:« . rim* Ua between the apoUcation of power and the temper- 

^xtt pow« V.IUO when ealcuUtinj Oi. h^tj" 

!> «n>H in Pi. 4 (more Brecuely, the term "heating coern- 

a*4^^:^t\?cSyt^rT^rha^^^^^^ 

"finF^fi^A Sted i.in, .he .verag. PO*" P^"'^ 
in FU 3 Note ihtt Other tetsoitable w»y« of ttfening the ob- 
J«vrf AT to the .ppUed power »r. posilbk; however . eve« 

f«t u th«t Ken in Fig. 4. Studiei currently u» progreM, uJing 
lt«.?^5^en.y5.«n. show su.t«ned »te.dyK.t. pro- 
du«lSn of exceu litt for iiuny d»yi. Resulu from theie 
icudlet »re prejented eUewhtrt. 




riKtrolysli edi. 
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400 

Time ^mln) 

f S V^cr ihi CElculidon. presented in tW. P*Pe^ 
iiu« of the electrolysU po**r« in the N.jCO, ^ K,CO, 
^ m wed. iho-m u icUd Unei In wrvci 1 and 4. 




r-. L of the heating cocfnctow over lime: (l)tJe^ 

eiSJo^^t O-WrA in Na,CO,. and W romcr wortln, 
in KaCO]. 



The healing coefficient of the N»|CO, cdl U ploujd to- 
Fit V Tl^e h^g cpcffident for the resistor .J^y «f 
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in centrut, the dlorimeter conuinioj KiCX)| showed 
very different behtvlor. The betting ceefncient of the 
K%;c*n U plclted over time to H». 4. The h«»tmg coef- 
nS-tUne eirve of the working deeuo>y.U ceU w cle.tly 
J^T, lir^rve of the d«..tr in which only .je^OMjwmk- 
ini The vthje of the betting coeffreient »f>th »« /J'^' of- 
Site working U -50«C/W, while the betting coeffidem with 
r«U.ot working il -30;C/W; ^l^crefore,fte output 
power obttined through the Ni/Pt wcuit - "/nprn 
STput power. The tlme-imegrtted power fi.e.. ""Wl' '"f"! 
iSio thoynem during the count of the ov«r«n»t * 
ta -4800 J compared with the output power of -8000 J. 
TLui Fis 4 shows 1 lignificant diffettnee in the themtl be- 
S"ot of ttrrdentictl .ytem. ihtt differ only m the po,.. 

"4L'S^"»don for .hi. »«>-vior Of the K,CO, «U 
U nw St^Tward. In ftct. the elesUelytU should be ex- 
S^rf to tetd to t decrcaie in the betting coefficients com- 

wUhrtwe of^HelU m which only the resistor « 
S^rUM - consistent with .ddjtion.1 hett loss^ 
^ gustation which is cunently observed only m 

?;feno"ous tnributlon of the effect to i«<nP"»|"" 
grtients^s ellmintted by testing f^I ™tau«« iPftl'l v*™' 
Sow of the tempertture over time. Three 
naritioned -2 5 cm ipan tt the bottom, nuddle. and upper 

ESt:SrS;;:^««^^»« 

SSS'rutcf^^S'nircSfud'Sty''^^^^^^ 
Sl*n"l?due To the decomposition of spedes fo'«^.^«f»« 
Se^iriKtog of the electrolysis. The tetoion of hj^* 

^vrf^dtriM oTe ™n beeSnt hydride, tn energy comnbu- 

Si&MtSMM 

'•™ST„'St^no':2Th^t\»-^ "tit- ^bilof 

chemical reaciioni. wwch wiu *^/°"" "J^* value of this 
(Of tbermoneutfti) voltije. In rooM ctuse 
Ihennonetnral voltage m.y ««f*J.V^' ™, uSiSSve 



pared with the current density appii" i 



Noninski 



•FAT rM«tii*<i* ^^^P^^^ 

LXCESS HEAT WITH LIGHT WATER SOLUTION 




rig, 5. Temperiture changes « ihrte polnu wiihln the solutlea: (I) tt ih« top. (2) In ihc middl«, and (3) «t the bottora. The setup used 
for this study U limtlar lo that presented in Rg. I , but in the working cell there we three thermUtors instead of one. Section A-B: 
X axis »c»le = 30 divUion/h. y axis sctlt • 0.2*C/divljion, stirring only; section B-C: x uU scale ■ 30 divUion/h. y axis scale ■ 
0.2'C/dlvUion. resUior only: section C-D: jr axis scale - 5 division/h. y axis K»lf « O.ax/division. resistor only; and seciion 
D-£: X axis scale * 5 division/h, y axis scale « 0 J*C/divislOA, electrolysis only. 



These pouibiliiles were rejected after study of the corrt' 
spondence of the Fsraday cfriciency of the evolved H) tnd 
0} gues. Thb was done in a separate expenment by collect- 
ing the evolved gases and comparing the measured vobime of 
the gases with the volume corresponding to the quantity of 
clectridty that had passed through the cell over i given time. 
Note also that the absence of appreciable HjCD^) *f O3 re- 
combination has been noted by a number of Investigators, 
even in systems that contain metals (e.g., palladium) chat are 
ktiowo to be good catalysts of that reaction (e.g., Refi. 9 
through 14). Other preliminary studies (mass spectroscopy, 
pH measuremenUt titration) before aod after the expetimcat 
showed no unexpected species or pH change. These studies 
should be conrinued further. 

The problem of recombination Is a crucial one in this 
study (nou again that the excess heat here is calculated after 
subuaetlng 1.48 V). however, and it deserves spedal atun- 
tion in any further experiments. On the other hand, u we 
have noted,* the problem of recombinaden (and the other 
connected calorlmetric problems) preferably should not be 
solved by studying the effect in a closed ceU with a recem- 
biner. The recombiner adds new unknowns since the kinet- 



ics of the recombinarion of H, and O, to H3O should be weD 
undemood through studies such as those in Rcf. 13. (?n the 
other hand, since the claimed excess energy iuclf is a newly 
found, unstudied phenomenon, no additional conditions 
should be Imposed because their eventual effect on the repro- 
dudbiUty of the excas energy is unknown. For instance, it 
is not clear whether the ability of the recombiner to recom- 
bine not only the Hj and O, evolving through elecirolyw but 
also all other quantities of Hi and O, existing in the gas and 
the liquid phase, thus creating concentration gradlentt. wui 
be a hindering factor for the appearance oX excess energy. 

An explanation for the increase In the heating coefficient 
for a I^i/Pi circuit might be that an addhlona! source of en- 
ergy of unknown nature is acdng f^m within that adds to the 
energy input to the cell f^ without. U this nontrivial pos- 
slbiUty U confirmed, this effect wiU be of great importance 
as an alternative energy source. Further calorimetric so^iis- 
dcation is necasaiy to further confirm the reality of the ob- 
served effect and to obtain a quantitative assessment of Its 
magnitude. For instance, to avoid errors of a subjective na- 
ture, a dau acquisition and processing system Is necessary. 
The mcasuremenu should be carried out at constant Input 
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power «d f"'»"8°- '"^.Sl^S^tdliSSy 
1 of FU . J f*** * r'" li.,.,r» li also » requ lemeni in 

concwM cowwrted w>A ^ ,pgether with he»t lOM 
tai tabble «w>«''°"' "XtocMui S««beck). that thi. ef- 

feci be objerv'd in »n Ref. 6. Note, however. 

thw despite the ,«hniquei »re not ottly ci- 

te, are crrted out, « °'l"^!!"^« cw derisively prove (or 
paWe but ere the "'J^.S in Question. There ia jto no 
disprove) the reah^f ot *' /'l!!^'"f of hours wiU be in- 

sufficient to 4^^m.lely ™l« „^ „ ,he «ud.es we 

md can e*«ly be "cmon^'W^J: jhtt .peculations C»vok- 
*° U i, the « to why over. 

l„j,«.eticnse(t>«l»TOJ«V° ^„ „igh, come aboul 
comini the c»"»y,?l!;;* ft« firtnly establishing the reil- 

.hould be c».ri«d '""SjJou^h J^^^^^ TW» ^'^^ 
ity ef the c'''™*^ Ow may recall the expenmeoial 

stti.ce is not new »f ?l;r?* Knstein. Wien. Compion. 
Itadinjs of Davison and O*'™'/ ^ST,, the level of knowl- 

«die at thrir nmrphy»ic». ''"*^!!'" 

caused the birth ""^"J^ ^t seiertlflc dbcovenes- 

roeehanics. Even ow^*'"???!^- whose reality U unde- 
W|h-tempeiatore supeiconduwmty ^^^^ ^ 

SSle. .t.ni reinalns unw^Md. WWCT 
Sperim.nt»ny found eff^ ta* l^P^«,^^j^^^^^ 

Since the Pr'bl^" w^e reainy t^ ^ 1^,^, 

rprn»X~ ronetttcaVexpianation of the 

phenomenon. 

CONCLUSIONS 

T,..xp.ri«ne«.l result. pr».n^''«-^^^^ 
^ „„e evSence than usuaBy •^^Jrelearolysls of water. 

Therefore ur^h^"' J^yon. for overcome, the en- 

^;;lT..mrb|sSthr^^^^^^^^ 

' contrary to the ^-'X ^aht ^er should be used ^. 
iT0\y$ls of heavy water. 
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ABSTRACT 



long time delay to onset of «ce^ 
predated ai the timerftbe 

fXw-uD reports from Harwetf®, CsOtcch^^ aiMlMlT^ 
^m^of this wodc was dooe in haste and nnd^ 

^S^^^^rpoblio scn-tiny. T(««.early f^-^ 
»^ »^ . -.ncik nf hismkal interest, as 



^^edfromlJ»5tol^. niec6D^opo^^ J^^ioa<i1) methods has l«n taised 
w^toeatdccunent levels lausonepdsed^^ iwmctob 
riSlWb doty Tte 28 Bter ceD osed in these 
•iSK^Tte^was on loan from a prhate coq)^^ 
:S)S^^^^^i»aar cells he docomenled to 
^^SaS^cxcess heat fa a conlmo<«period 
SStoSfda,s.Tteappan»t«D^^c^ 
"i^^SaDy emlained eiflier in tenns of nonbneanty 
S^^^fft^ eondoctance at a low ta^^ntture 

a more thorough investtgahoorf 
totTSe nS*el-hydn>gen system m bo* 
and gaseous loading cells remains v^ananted. 



BACKGROUND 

Moimledhy the posaMity of a new and practical so^ 

.he wodd to replicate, control and undentand the 
^rf^J^malwslK the so-called 'cold fusion- 

^^^^ also by Jones 
^Sinical cells that load deBtmnm mto in^ 
or litaniom. The initial 

v-?™; Ae Pons-Fleischnian effect can be ctsenied. For 
^^^JSt^^^^^ » "gf I>/W loading ?ho 

T^^Jteischinan type cete ^^^^^^35 
SecS« catorimetry, every ceD adnevmg » WP^55 
V heaL wheie« none did mat had a 



Moten cdls <rf >miioiis types have b<« iqpM^ to 
50 W or more of oxess ^ for himdrete 

STto taU power multiiaication fi^o»«W.^^^ 
^ii* mcificDOweis as high as -4 kW/crf <«. If true, 

^SiLtlTchemistry emlanation and face one to consider 
^,S^n»cleardu»u«ls^exo.ic^ 

(dectnm transitions catalyzed to araMaUd^ 
and also the subsequent fuangof^ 
S^aton.s).ortheeven«o.eexo.^-bih^«^ 
JSSow space energy, such as effects of the 
SJ^^^gXWpoint flnctmdions, rs mvoh^l 

secnu^ to^b^ ^ 

mjality of evidence for tne ™*'^*^JrL^ ^nd 
Sous heat, citing sporadic r^o^A^ 
Modty of compelling evidence. N«^'*='*^^*^'^ 

Fusion Oale^ 1CX3!4 and lOCFS). 



THE UGHT-WATER CELL -reSTCD AT NASA 

If the anon-aloQS heat effect is f««^ 

ft mav be usefd as a power source to ra^ 

L:^^gen«fasfap^^^^^ 

and reliabifity of the light water->ri-K^ dectioiync 
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made U particulaiiy attractive f« startiq) cx^^ 
into this anomalous heat effect 

m existence of an excess beat effect in dectrrtytic^ 
based on aplatinum (coated) anode and a md^d 
S^ersed i a Bght-waler scdntion of 5VX)3^^^fi^f 

^^'was stated cailier by S. Pons ct.aL ma patent 
J^icaticffl*^. The effect was soon vaifiwi by V.C. 
j^iriSd*''' and continncs as an active tppc of res^ 

numerous labcvatones. 

Prevailing experience has U tiiat «dy rar^ to the 
^-wat^ Xnsing either K^CO, «^I*2<^^J° 
^oce at least some ^ipareM excess heat in^^ 

SpSi ekctiolysis. although foU powcx mjy 
Svdop. In contrast, cells based on Pd and IX^O often 
xeiMSTinactive fw many days and reqaue very careful 
selection and loadmg <tf the Pd. 

■nic cell obtained was a laflier large sized demOTStratoi. 
apLting with 28 1 of 0^ M K^COj solution m 
^nized, but otherwise wdinaiy. water m a l(>-g^ 
polyethylene tank (Nalge 54 lOMO 1^ 
^ 10 lAatinized l^'xlCT titamum stijs and ^ptojmzed 
iT>x8^^tifanto tubes. 

m of ram D cold drawn nickd wire, womd as 150 
sections, each 33 m long, on a peifa^ 5 ^ 
^S^lene bucket Ibe 15 anode sectio.^ 
^^eSed in a circular army ctose to tt.^^ 

from a 12^4 - D pcdyethyteie Adc wvam 
of the bucket and located several indies above thejiqgid 
IcveL Cathode and anode connections w«e ^OTg^it out 
Sm the air giace between the didc and the oute 
means of two V4T>x4- jdated sted can^e 
holes were available in tiie outer hd and 
insertion of the rod of a stirring paddte andrtfierii^^ 

into the volume of the im»er budret T^^^^^ 
equipped with a 57.6 a 1000 W. inwloy ojed an^^ 
>ckS3^hcating rod for on-4he-fly calonmetnc cahTsation, 

Another cdl. identical except foe a nu^« 
structure, was obtained to provide » ^ 
temperature reference by aveiagmg the short-term an- 
temperature fluct uation s. 

■nie cell tested at NASA is thus nearly ttw santt as ti>e 
iS^^ctmed and described in "lore detail ui^to 
nteinacore Experiment 4" in Rrference 1 5. 
the Thermacore cell used an addiuonal, uuier cathode 
vtoand from 5000 m of nidcri wire. 

EXPERIMENTAL SETUP AND PRCXZEDURES 

TUe two cdls, the active one on the 1^ and 
n^rence on the right, were pla«d side bysjd^^ 
as diown in Figure 1, with thdr centers about 48 cm apart 

and 33 cm bdund the draw window. BottMXl^ 
of identical, r thick, dosed cdl, plasdc foam pads placed 



in riastic trays; pad conrpresaoo over the weeks <rf 
operation was minor. During operation, Ae bottom e^e 
of fte hood draw window was ks?)t at a fixed mark, level 
with Ae tops of the cells. In this way the cells were 
equaDy cooled by a steady, 0.7 m/s breeze driveii by the 
hood fen, redudng the vagaries <rf air oMivection ^ 
variation of cdl thermal ctmdoctivity wi& c^ 
temperature. Room temperature variations were inoderdted 
only by the basement location, as do thermostatic control 
was available. Although room air tenyeratme variations 
up to a few degrees C were ca^wrienced dunng some 
days, thdr effect ^>peared to be wcH cs^c^J^ 
referencing the active cdl temperature nse wim respect to 
the thermally matdied Wank cdL This ro«n temperato^ 
instabiUty unf ortunatdy did make tt difficdt to obtam 
refiable data of cdl ti*ermal conductivity ««<»y ™» 
jcspoct to flie ambient air at heater powers 50 W 
NTCTperimcnts were perf onned nn^tvmg dectrol)^ 
acticMi in both cdls simultaneously (such as COTparing me 

action of KjCO, and NajCOj solutions m the two cells 
operated m series) because our blaiik had no anode. 

During steady dc dectrolysis. aU d^J^ lecot^ 
YcAogawa modd HR2300 multidm^d .sti^P^ 
lecotder. This instrument can resolve 0.1 •C "smgWe^ 
thennocoi9>les on any channd piogrsmmcd ftc 
temped The actual thermocoi^e wreiMedw^^ 
T d^^tefkm covered and of f^^^^ 
obtained from Omega Engxne«^ toe. andlabeM ^ 
"spedal limits erf enw.- With flus wne, flie 3 
tScouples used to measure the dedrd^^^ 
near itec2iter, top and bottom were ^ t^ ea^ 
otiier within 0.1 **C from room temperature to 72 "C. in 
aU. 5 tempcranire probes were monitCBed: air tempera^^ 

i^*hood 2^ active cdl elcctrolyte^p«^^ 
three depths and blank cell water tenq^eratnrc at ™d 

average of the 3 dectrolyteten^^^ 
c^ted by the HR2300 and also reottd^ 
difference between this average arid *e btoric^ 
tempexature-Animmosedthemw^ 
isolated from the dectrolyte by 6 mm OD (3 .5 mm ID) 
glass tubing, fused shut at one end. 

•nie dc voltages of interest, ie. at tiie cdl and heating rod 
i^Ls as wdl as from current shu^ w« rou^ 
theHR2300andrecordedindivid,mOy.H«^ 
was senscdby a 1 Incision rfiuntaidtted^ 
heating rod current was sensed by a 66^ mOl^^^ 
shunt Power computations were <tone l^tdtiptotwn 
^S^g internal to the HR2300 ai^ the r^7^ 

check with aRacal-Dana S«s 
raultimctff revealed that ttie voltage and PO*«J^"f. 
SXed digitally by the HR2300 were «curatetoa^ 
^±01%. M the HR2300 input diann^^ 
floating differentiaL Also, the ou^ml ^l^^f-Ii^Xw 
d^tysis power supply, a Kepco moadATB6-50k^ 

^^TeSy dc isolSwt With ^.r^^^^ff^^ 
^Sk* of jmy significant ground lo(5» induced en^ 

minimaL 
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Sii« the thenwa time amstant of (te cdl m tte «^ 
was obsoved to be 5J hours. »n«»>«^ "J 
hoots roiming fine and create enos. J^^^dbr fliB 
cooirtl of the heata and e»^|°M^JS 
ttK. case of electiolyas power, it seemed 
^Lons to fix the ceU cunent and let the votoge drift ^ 
the ceB teii?«at«e. ast. at a r«iinal (^watmg 
ceH diffoenfii resistaice is low, ineami« thai the am^ 
^ l» voy sensitwe to sman changes in an «to«eor 

making ooptnd by ^^^^^^^^^^^ 
one^qiects any ocess heat to basicaUy d^ on the 
^^^f^aJ the Bte of ddivcy of hydrogen K-s to 

the niJ*d smface is proportional to flie cnnenL 

Tl» heater rod in the active eeU was iBrf to develop fte 
cmve of tempenanre rise AT. as 
cheated blank ceD. versns '^^V^'^^S'^^Tt^ 
active een by obsemng toe steady «?».AJ " 
heata poweB. m slope of this line js jiist the tto™a 

.esistaiSof the cefl and the process gena^g«^a 
liM during electrxaysis is called caHbrahon oo-fte-^ . 

Xn oHtfly calibration is necessary, f« J^l 
shown, the ^ <rf electnJysis can significantly affect 

ttie cdl thermal resistance. 

To keia> heater power constant even as the hcawr 

or supp^^^ varies, we «rf a 
constant power controlte. Hus was a cncmt bM^" 
^^mStiplication and feedback teduuqn« «»«^ 

ffi eoid easay be delivered to die healer. 

During the tegulat nms. fte active cdl f JJ*™^ 
^Sondy means <if a small teflon 

to e.«l of a glass rcAMi f^J^^^ 
250 ipm, but the Wank ceD was stmed only 
^ffiitethe0.5»Corsotem^ntfmcs«hfi«fa^ 
could be seen in water if teftonto^or^.^ 

Pttlinunary experiments wUh ttie unhcatefl ^ 

smaU temperature nommifonnity letorned to ^^^^^ 
^^XTtwo. Further. evt» ate ^ 
at 315 mm and with the hood fan off. i» dear 

LSLTrise above ambient conW be r^^^^^']^ 
0^ «a Hence the paddle anangeroent and its 250 ipm 

ntgUgible contribution to the steady AT. 
Pulse mode control of the ctectroly^ curmit 

^ scTOly was found to be a good swree stei^ 

^^^t pulses. wl«. 'V^'j^'ttZ 
progianmed cunent mode, with peak cunentset^^ 
St UniilBr.Onrait-to-votege conversion vras done by 



a 0.010 a shmA whose '^'^'^S 
verified by eoitqwrison to a high sj«daDrenM?«^ 

simultanebusly record the 

a«l associated tenninal votoge. "^^"^^^^ 
tm 11A33 differential conqiaiatixs m a DSAfilEA 
^feing osdnoscope mahAame. The «fr»««f 
SStoetlf ceD conent and v'4«»8e7«f .''^ * 
i^Hnn input recordings we« taka. iminetoWy ate 
a^ recoXg in onto to conect far dc offeee m the 
ll^SsT^Swere observed at times lo be asmuct as 
se^ pa^t of the signal aaglitode. NuO recoriii^ 
f^^Sedftcwly means rfbasefine coriectw^ 

fc^io 2e«) during the cyde. As a d»ck on the *po^ 

^'^time.ava^S cell conent and '"^•^^^ 
lOOs time constant RC networts. woe recorded with the 

HR2300. 

ANALYSIS OF DATA 



Blank cell t* -™"' mndnctance 

One exnects to observe some differences in die steady 
^Ks^^Stics, or thermal condu«B»«ic^ 
cen and *e active cell during «Jf«<w^ 
SSdS ^ vapor being carried a^m thec«*^ 

isKi gas bd*les inay wen conhftute an 
Kri^^ctrdysis. And as the d«ttolyM cmrenlB 

^3tt» evolving gases may ^SST^^S^S 
to a decrease in X due to theff BBOtating <«W^ ?^ 
to^ o^^ion to X ariang Jrom the q«afic he^ ^ 
af iS^aTems negUpble. however, bemg only about 

to the dectiolysis electrode tenninais 
SJLt,SasUghtaaditi<mltempenUnred^^ 

STL activlcelL This effect toose«.^to^»^ 
as die temperatuie rise of ftc top erf the c^was awajs 

mJS^lStorS^ <rf the liquid cont«ned betov^^ 

^aTheat losses for the active ceU are automatxaily 

indnded by Oie on-ttie-fty calibration. 

* « ^ irtcc ralihiation runs were 

perfcHmed 

the heat *W'-^^J*^'loSibutiOBS fiom 
ccHdributes only 3.88iilO' J/Tt. ^"VT,^ hours 
the odier cell hardware being neglipU^ 
^J^anottedfarfl^ceato^^e^itaom^^ 
at each of die heater powers set by the preoau. 
controller. 

TT« resutt of fl« fim 4 Wank cdl heat^c^«J^ 
has a redjHOcal slope of x^.U wri^ ii» ^ 
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pcwer points are seen to be very wefl aUgned with ^ 
OTigin,bot ttie 125 Wpdnt droops slightly. Hie lejeoi for 
this droop was thought to be the OTset of mare i^d water 
vaporiz^on at ttie 43 «»C temperatnre of the 125 W point 

TJarefarc a straight line throogh toe origin was fitted to 
the 3 lower points only . No points below 50 W were titen 
because of lack of lime and the observatioii that the V4 
inch thixi:, plastic imdeipad nsed initiaUy had OHHim^ 
to an unacc^JtaMy thin wt inch under the weight of the 
celL -Ricrcafter a 1 inch thick plastic foam underpad was 
snbstitnted. which suffered only minor lelatiye 
coinpressiOT- The upper straight line throogh fee ongm m 
Heme 2 x^ireseats tibe new diaracteristic, agam ignormg 
the 125 W point Now the lecqnocal slope is a shghfly 
lower ic^r^sS W/TC, which is the same as the 0.17 *<yW 
on-the-fly coefficient at 1^«50 A given for ttie Ttemacoe 
experiment no. 4. Unfortunately fte 75 W point turned oat 
to be the lowest power data obtained with the thicker pad, 
because 1^ of time and an unstable room temperature 
caused by wcatfier made it impossible to take accurate low 

power points. 

In spite of the lack of lower power cahTnation points, the 
good alignment with flie wigin of the pcrints obtained 
(except for the highest power ones) is evidwice that K IS 
acoStant for AT bekw about 17 *C The purpose of 
setting the cells in a vigorously and unifonnly flowing 
anstrcam was erf course to reduce any temperature 
dependence of k. As seen bdow, a highly temperature 
seStive k invalidates, w at least complicates, the usual 
regrcsave eactispolalion toward the origin in order to find 
the excess beat 

The presence of additional heat loss channels induced by 
ekctiolysis necessitates on-*e-fly thermal chaiacterizaticn 
of die active celL However, this method has a lower limit 
on power for a given electrolysis current because this 
current dissipates ohmic heat in the electrolyte. 
Nevertheless, lower ohmic heat points were obtamed m 
some electrolysis runs and these support the constancy of 
KwittiAT The a:tive cell runs also exhibited quite dearly 
a small, but not insignificant dependence of k on the 
electrolysis cunent Tlie blaiik cell caUbratiOT line scrvw 
merely as a limiting low current ched: on die active ccU 
thermal behavior. 



ttftat halancf and tfie excess heat effect 

Figure 3 defines the varioos input and output powers to 
the ceU viewed as a box cncloang unknown and certanly 
complex processes. Ttee are only two unquestionably 
agn^cant power iiqmts. namely the cefl terminal power 
PsV Land the heater power Pfc. Note that resistive drops 
iiJ connections internal to the cell might make the power 
delivered to the electrolyte slighfly kss than P^. 
Thermoelectric punffring of heat through the ekctrolysis 
tenninals by the Peltier eflfcct is a consideratian that has 
been drawn as an input power P^- oq)CTiinentany 
negUgible Jouk heat input P^ due to stirring is drawn 



dierealso. 

The temperature rise dependent heat losses ccmsisting of 
convection, water vapcHizaiioo and varions coodactiQas are 
lumped into a Ihermal loss P^. which is just icAT if die 
process is linear over the AT range of interest bete. Tbe 
remaining loss is the energy carried away by the Hj and 
O, eases esc^nne tbe ceU. lliis loss amounts to tbe 
^i^r4.75xia^ JAndecule of H^O that could be 
retrieved if the gases were reccnnbined and condensed to 
liquid H2O at the same temperature. When calculated in 
terms of L. diis energy conespoods to die thennoneutral 
voltage of 1.48 V and the *gas power* is written as 1.48 
TiL. where the Faradaic efficiency Tl may be less than 1 to 
cover die case of a partial recombination of the and O2 
within die celL 

Hic excess heal P,^ if any. is amply die difference 
between ttie total ou^ and input powers and can be 
written as 

P^ = (P^+l,48Tiy-(Pc + Pb + Pte + PJ- 

To be useful for computing P,^ Eq. 1 must be put into a 
form that relates closer to T**at is measured. Fn^ we note 
that die Ihermal heat loss Pft=Pai(Ic» AT) is an unknown 
function, but widi die propaty dial P^Oc. QM)- The 
simplest such admissible form is Pft^xCy AT. Iiif ormat^ 
about diis function must be gleaned cq)erimentally. say by 

vaiyingPv.wittiIefi3ted.Pc^^^»^' since tije 
V veisiB Ic characteristic is temperature sensitrve. 
Nevertheless, one can combine some of diese variables 
into a single tenn 

P^sP, + Pfc + P,. + P« - 1.48 11 le. <2) 

rei»esenting die part of die total ^t 5>wer ^h^ 
di^pated as heat in die electrolyte. Fw a 6xed 1^. Pb=0 
gives die least posable P^ Even if P,. and P^ are 
negUgiblc. toe posabiBty diat n<l can not be ignored. 
TlSef ore it is convenient fcff plotting purposes to define 
a ^reduced* dissipated power 

(3) 



f^sPfc + P^-l,48I« 

that underestimates th 
determined once P,^ a 

Po = ^ + Pte + P«+l-'^^^ 



Uiat underestimates die true dis^>ation. but is completely 
actermined once P^ and are set Widi tiiis definition. 

(4) 



(5) 



where 

is a recombination efBciency . Vrth diese definitions, Eq. 
1 becomes 



P«c = Pih-P« 



(6) 
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One can curve fit experimental data of steady state 
AT), obtained by vaiTing Pfc at feed V This plot cffli thCT 

be extrapolated to AT:=0 to bbtan f^Uw ^ confidence 
one can place in this extrapolation dq)cnds on the scatter 
of the data, the nature of the fitted curve and the closci^ 

of the data to the origin. As mentioned, ^ftUT^^» 
legaidless of the particular dependence of Po, on AT. Hius 
from Eq. 6 and this property of Pfl,, it follows immediately 

that the true excess beat is 

p«c = i-K UT J - (P,. + 1*.. + 1 n«c y . ^ 

in agreement with considerations in the literature. 
If for fixed the ^osus AT is a straight 
apjaAT is a constant and hence taJmg d /3AT Eq. o 
shows that P^^AT; this assumes that the terms 

and 1.48n« are constant with AT. Any intnnsic 
d5)endence of the heat production mechanism on AT or 1 

is not revealed by the extrapolation. 
A sumrnary of the steady state AT versos f« data obtainwl 

at fixed L = 5, 10. 20 and 40 A is presented in Hgme 4; 
this data was obtained varying Pfc, as stated undCT Eq, 
6 above. Straight lines gave excellent least squares fits to 
the data and their extrapolated f,-axis mtercepts are 
P«iAT^ = -7^- -«-57. .11.4 and -8.41 W, «Kre^di^ 
,^3^y to the alx>ve I, ^ 2-gL. + iiaL. 

l^r^ are negUgiblc (P« ccrtauily is; sec + 
EXPESffiNTAL SETOP AND PROCEDURES) , then, according 
to Eq. 7. these are the pc^ cxc^ 

cOT^sponding to the above 4 dc 1^: however, tne m 
1 48n«Jc contributions will be discussed. In general, we 
Shan caU (-^„lAT=o) apparent excess power or heat 



Internal recombination an d water ad^tion 

Reliable data on watsff loss during dccticiysis fiom cells 
operating without a rccombiner is essential to the conect 
interpretation of the q»paient excess heat, e^jeoaUy m 
low power cases having -fol&iM)<l-^8I^ ^ ^ 
sufficiently high recombination i^Bciency can unply 
that Pe„=0. even if Pte and P^ are negHgible. as rnqjectiwi 
of Eq. 7 shows. 

Unfortunately . the run time allotted to each constant b^ 
power Pw was limited to at most a day or two, ^wiuch 
raecluded the taking erf accurate water loss data m onr 
setup. In cffwts to compensate for data inaccmaaes, a 
loss rale was calculated fcff each selected I^ Iqr ^idmgfte 
loss amounts for aU the corresponding runs of fix^ Pb 
and aviding by thdr total time. This procedure ledoces 
the data scatter at flic cost of lumiring togedier tempcratoc 
doKndem cv^joiation rates. Water toss nites so iTOcessed 
are plotted against in Hgure 8 and fitted by a straight 
line: 100% efficient (ii=l) electrolysis would gCTjwtte the 
loss rate alj^ where a=934xia* g s-*A-\ vAos^ too is 
plotted in Figure 8. 



Hie total water loss rale is tihe sum of evaporation and 
electrolysis losses^ or 

(8) 



Along with each data line in Figure 4, also the blaik cdl 
calibration line is redrawn to provide a comparcon of 
their slopes. This comparison shows that ica>iq^ m a" 

cases and that K(y tends to increase dightly with I^ A 
summary of this behavior of KCy is presented as a scatter 

plot in Figure 5, that also includes the data pomt as 
wen as K fiom a pulse t run plotted at its average current 

I,r=3.10 A. 

Due to time constraints on laboratOT ^>ace, the only pjto 

L data taken was widi 30 A rectangular pulses at a 10% 
duty cyde and 1 Hz repetition rate, gWing the majtoned 

av«age L-3.10 A. Values for the cm-flic^y ^^^^^^ 
plot were obtained by time averaging Eq. 3, eto- Bom the 

cotresponding line fitted in Rgure 6, the apparent excess 
S^foui^ to be only 2j66 W. Arid *e U.^ 
conductance is seen to be very dose to that ctf flie^Bk 

cell, as already indicated in Hgure 5. Asampiing of ttie v 
V and P^ waveforms recOTded at thamalequilihnum and 
P^=0 is presented along side to show the ceU potozatton 
effect The time averages \ and % noted in Hg«« ^ 
indode small contclions for baseline offsets m tne 
DSA602A. 



where SE^ dq)ends on T^ and hence on ^ P^ 
HowevCT only the L dependence of 9U ™ 
SSlS^.bec^^r^^ 
has been 'averaged out* in the <>?'Vaf HP« »• 
Evj?)aration dominates recombmation m Figure 8, tor me 
data fact that SxU^ is the same as 

Although our data is insufficient to place a 

bound omw a bound tighter than Eq. 9 can be had by 

substituting the experimental fit 

where P=9-03xl(r' gsT^A"* and a«(0)=3.78xl0^ 



into 

SE . ale = flU + (tl-l)<dc 
to obtain 

TOs formula is useful because at Ae lower of toe r^ 
the contribution of the I, to ohmic heating ^^^^ 
compared to the upper P^ valu^ which the^^ 
data was averaged to obtam die poirriS m Figiw 8/^^ 
gt^Cy can not be much greater than 9^(0) m in^seiit 



(U) 



(12) 
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DISCUSSION 

To claim the reality of excess heat in the presence of other 
comparable heat transfer processes, oot must snHXJrt the 
validity of the extr^lation to get toe ^jparent excess he^ 

(•^ iAT=ft) Bofli ttie blank and active cell thennaJ 
OTiIduSicc data shows that these cells in the envir^^ 
aescribed are wdl chaiacterized by a thennal conductance 
K diat depends slighfly on flie cdl current but not at aD 
Cffl the te^o^ture rise AT. at least fOT O^T^r»C The 
blank cea nms showed in particular feat the lower AT 
versus heater power points arc wcfl in 
origin, this eKmin^ flie possibility mat llie (AT» j^^) 
locus could curve into (0, 0) ftom aibove; multiple 
curvatnre inflections seem quite unlikdy. F"*]^* ^ 
active cefl ccmstant runs show in Figures 4 and 6 that 
the tbennal conductance characteristic is very hncar down 
to total ohmic heatings of only a few watts, assumu^g 
nediflble hydrogen-oxygen iccombmation. Hence there is 
good evidence for the validity of the linear cxtrapoJatiCHi 
to ATcO of our data. 

Accepting the rationale for the apparent exceg tot 
extrapolated from tt>e on-the^fly thermal data, die harden 
is shifted to showing that the he at additio ns P^. 
1 4StuJL can not account for the s^iparcnt excess. These 
hUts^ be discussed bdow. Worthy of mention is also 

the possibility of conections whose omission leads to m 
underestimate of the excess heat Ohmic heat IS generated 
in the wires and connections inside the cem but above me 
electrolyte. This heat is included in P^ even though it is 
not whoUy deUveied to the electrolyte. Thus in the ceU 
tested, some warming of d»e external anode terminal was 
evident for L>20 A, while the external cathode terminal 
remained at about Ihe cdl top temperature. Rnally, any 
unrecognized mechanism of electrochemical energy 
storage is an enw on the conservative side. 

The stirring power P^ is not a contender in accounting for 
die observed apparent excess heat, ^Jecau» stnn^ 
induced AT was at the resolution limit. 0.1 of the 
reoordex. Ihis implies a P« helow a watt on the blank cell 

calibration slope k^5.85 W/°C. 

Handd™ has icccnfly proposed that the thermoelectric 
power Pte ii»to an electrolytic cdl may in some cases 
account for the claimed excess, mainly citing cxpenroents 
exhibiting a prx^witionality between steady 1^ and excess 
power. He justifies ttie required very high P«« 
metals) efBective differential Pdtier coefficient An«400 
mV by pointing to cases where the excess heat ^ 
observed for only a smaD £ractioo of tfic time, we 
contend, however, that several circumstances greatly 
leduce the likeHhood of, if not entirely diminatmg heat 
pumping as the cause in our case. First, the ^jarent 
S^Ver at 1,=5 A was a steady 1.44 W/A at 
essentially room temperature, r«lMig mi effective 
difierential Sc^>eck coefficient AS=5.27xia3 VAK; recafl 
that n=ST and P,e=Ic ^^^r^*^- ™* of AS is 
several times ttiat observed even in seimconductors. 



Second, a prcpwtionality of excess power to I^ is not 
supported by the data plot in Hgure 7. In contrast, this 
plot suggests (mset of s^nratiai or erven interference wilh 
rising L. Our last, weaker comment is that in our case the 
P into the cell vessel is ttieoretically zero hecausc the 
ctectiDlysis electrodes exiting the lid are identicaL This 
reduces the p«)blem to one of heat pumpmg between the 
junctions in tiie air space bekw the Kd and the effectively 
Pt-Ni junction in the electrolyte betow. However, no 
cooling of tf« exiting electrodes was ever discerned. 

To account for all (rf the observed excess heat by 
hydrogen-oxygen recmnbination within the ccU leqrarcs a 
recombination efBdency of quite a high magnitude in our 

case. This efificiency. 



follows from Eq. 7 by setting P« to zero arid neglecting 
P^ and P-. The plot of this n«^in Rgure 9, based on the 
f^oosly derived values of ^oJaj^ ^ ^ selected 
Slows that in the dc case for 4 bekw 10 A the 
exceeds 0.55 and grows rapidly to unity at 1^ near 5 A. 
However, our data docs marginally adinit soch an 
c^qtoation. First, any recombinaticm heat rd^ 
2^™»brtween the cle^ 

the^nwt active wqiosed catalyst was niciW wire 
connecting to the cathode, could hardly be wefl 
transmitted to the liquid bekw. Hence the recomhinatm 

would have to be wifliin die ekctrolyie. Us^ 
9L,(1>3U0), as argued betow Eq. 12 for low ^ and tiie 
SSoSm^ data in Figure 8, the loose upper bound on 
lulimposed by Eq. 9 falls somewhat bdow the ptot of 
13 inHgure 9. Presumably Eq. 12 restricts iu even 
more. Our sparse water additkm data fcus seems not to 
entirely favor the recombination explanation, but fails to 
be decisive either way for lack of accurate Se, data. 

In a recert papa«« aRpUad>le to watery 
ceDs, J£. Jones ct aL pcrint out ttie well known 
Sveness of Ni. Pt and Pd to ^y^^ 
recombination of oxygen and hydrogen. They prwent 
electrolytic ccU experiments demonstrating die qii<^^ 
of apparent excess beat in configurations that inlubt the 
transport of dissolved oxygen to toe catoka^^ 
to the anode. And they further tooj^atetoe 
achievement erf tv.^^5 when 0» v,«s bubbled ton^ 
an operating cclL Aca^ ttjese results, our data are 
then generally consistent wifli ttie lecombm^ 
explan^on and die behaviOT of the ^jparent excess heat 

wifli cell current that it predicts. 
The fact that the initial slope of the apparent «wss h^ 
versus L data shown in Hgure 7 is coraparaWc to tne 
slOTC (1.48 W/A) of the maximum gas power hne is 
^nSLted at low current density by the iwombmahai 
hypothesis; die solution of gas becomes ^0^^^"?^: 
lowcvotatiOT rates. Related © diis. the f ew reported dc 
tests of cells nearly identical to ttie present one, cxcqitMr 
the nickel, also suggest a amilar slope, even though tticy 
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produced tip to 50 W cxccs^'*. Only the pulse 
Systematically c^cplored here, seems to ^J'''^ 
a'gnificantly more energy pei coulOTib tomghiwL 
■nierefae. pvcn an equal area of nkM vire, toe 
indicatioiis now are toat the metallnrgy of toe mcfcd 
greatly affects toe saturation bm iffbbaWy less so the 

initial P^^/L dope. In fact, subseqocnt tcstmg of toe 
TTCsent odl by toe Hydrocatalysis Powtt Oxp. 
verified oar observations of its low saturation under 
the same conditions that produced 50 W excess from cdb 
differing only in the source of the nickd wire. Fttr toe 
we examined, evideritly there was an unfortnnate choice ot 

nickel wire from an untested source 

No conclusions can be drawn here regarding cxothenMl 
chemical reactions invofving toe electrodes, because the 
mn times at eadi ccfl cunent and heater power were 
usually restricted to toe minimum needed to establish 
thennal cquilibiium - about 24 hours. Howevw^ 
ordinary chemical reactions involving nickel ae laiown 
that cooM account for the total excess energy frwn sraiflar 

1^ type cells claimed to produce 50 W excess for 
months. And no report df a chemical a metallurgical 
change of the nickel cathode is known to us. 



SUMMARY AND CONCLUSIONS 

nie light water^^-KjCO, electrcrtytic c^ on 
theHydnxaialyas Power Cwporahon dearly exhibrtcdt!» 

phenomenon of apparent access he^ when f?" 
selected dc currents and one pulse mode current I^mwas 

coDccted using simpk 'on-the-fly' calorimetric calibrahon 
in the toamal steady state and was reduced to ^ve ^ 
parent excess heat by cxtr^latiOT m«^ to^ ^ 
S^ted practice in the field of anomalous heat cell ( COM 

fusion") researdL 

Our main findings regarding cell voltages, cunents and 
powent are summarized in Table I. The ^»parent powa 
gains ranged from 1.06 to 1.68. Tbc q^iareiij excc^ 
Sow of this particular ccU saturated at a lato 

an electrical input power of 59^ W. i^r^a^ 
current of 20 A dc as compared to about 50 W m>are«« 
excess r^KWted by otocr wofta fw csenti^ toe^c 
ceU. We attribute tois shortf an to an unfortunate choice ot 
untested nickel firom an alternate source. 

The power gain given in TaiWc I and ptottaJ in Hgure 10 

is based on toe apparent excess power (-PoUW ™ 

the most optimistic possible, since gas recombmatiCBi. 

stirring power and any toermodectric heat mjec^on are 

then negtected (sec Eq. 7). The maximum possible^ 

power (1.48L) is included as part <rf the ou^ power. The 

^ of toe ^dn (Pe™«.t+P.)/Pc in Rf°», 1 0 ^ 
a fonn decreasing^^otically to unity for large 1^ as 

expeded for a saturating P., 



compelling. To deliinit the alternatives, we have cxaniined 
the following factoR considered in the literature as 
potential oidmary causes of multiwatt level, steady state, 
ajjpaient excess heat in the present type of ceilt 

1. Unrecognized noolinearity in toe cdl thennal 
conductivity {x) at tow temperature differential (AT), 
leading to erroneous extiapolalion for the excess beat 

Z Injection of heat into toe ceU by themaodcctric 
pamping (Seebedc effect). 

3. Exothmnic chemical rcactiiHis involving the nickrt 
cathode. 

4. Heat fiom hydrogen-oxygen recombination within the 
ceU. 

And we have come to terms wito these possibilities as 
foOows: 

1 Nonlineaiity in K is contraindicated by the good 
' alignmeot of our high power thermal calibration 
points wito a straight line through toe aigm a^aJso 
by the linear alignment of our *on-toe41y calibration 
pomts reaching down below 10 W. Tins linearity was 
achieved by forced comvectivB cooling. 

2. For thermoelectric heat pumping to account for toe 
apparent excess heat would require diffocntial 
Swtei: coefficients several times those of ev^ 
semiconductas. Also, sudi heat pumping torough toe 
lid erf our cdl is zero in first order because the two 

exiting electrodes were identicaL 

3, The smparent cnerBT evolved in the I»csent 
experiments was inadequate to eliminate corneal 
reasons - runs too short for the power observed. 
However, this possibilily has been examined and 
rejected by otoer workers operating very sunilar cells 

at 50 W aijparent excess heat for months. 



Although our data admits the existence of an mn^ual 
source of heat within the cell, it faDs far short of bemg 



4 Our madequate water accounting data a» ^ . 
' margiil^ consistent wito toe recombmatomi 
explfflialion of the source of toe ^jparcnt hMt. 
even though tois requires recomWnation effioenoK 
exceeding 0.55 at 10 A and risir« to near ^ ^ 
A of ceU current (Hgure 9) . Neverth^^J^ 
ct aL*^ have claimed to show that light water 
wito nickel and platinum electrodes caa indcco 
adikw sud> high recomlrination of ffissolvedw^ 
and hydrogen. Also, our Hgure 7 suggests tlus 
possibility. 

FoDowing toe principle of simplest explan^ 

the data on hand, lecombmation becomes toe cxpl^aM 

of dioice. But even perfect recombination^ '2?,,?^ 

for an of toe apparent excess heat mti^ 

usually operated in a pulsed current mo^andi^or»^ 

produoeTtoerinal ou^«it solidly exceeds 
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inpat to ttie cdl, Hjcse cases ai least leave the door open 
to mat intexesting possibilities. Omsidcriiig the potential 
valne of a new energy sooice* it seems worth ^iiile to 
lestady the Mais type cell in configorations allowing an 
accurate account for recombinatirai and water loss. 

InsnfiBcient resources prevented us from proceeding with 
a DMxe careful study of the excess heat effect in ccU types 
adapted to bear on specific questions. For example, certam 
gaseous loading types, such as the Dj-Pd transient 
pressurizing experiment 

experiment^ at the University of Siena, could avwd the 
complicaticms of electrolytic ceUs» while exploring 
possibimies of high temperature cperation and radiation 
emission*^. 
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Table L Operating characteristics of Hydrocatalysis Power Corporation's 
demonstration light water-Ni-KjCOj electrolytic cell 



Ic 


Vc 


Duty Cycle 


Vcic 


Pexc apparent 


Appazent 
Power 


(A) 


CV) 


(%) 


(W) 


(W) 


Gain^> 


5.0 


2.12 


100 


10.6 


7.20 


1.68 


10.0 


2.55 


100 


25.5 


8.57 


134 


20.0 


■2.98 


100 


59.5 


11.4 


1.19 


40.0 


3.36 


100 


134.5 


8.41 


1.06 


31.0^« 


1.72^> 


10 


8.58<2^ 


2.66 


1.31 



(1) Peak current of rectangular pulse 

(2) Time average 

(3) Apparent Power Gain s (P^^ 

Note: usual test duration was about 24 hours at each fued I. and heater power 
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30. N. Popov, "Electrochemical Characterization of BlackLight Power, Inc. MH as 
Electrodes for Li-ion Batteries, Dept. of Chemical Engineering, University of 
South Carolina, February 6, 2000. 

Electrochemical characterization of MHX (SrHBr, CaHBr, CaHCI, KHBr, and 
KHI) as electrodes for a Li-ion battery system was carried out in Swagelok three 
electrode cells (T cells). The anode and the reference electrodes were discs of lithium 
foil, and the separator was a sheet of Whatman glass fiber filter paper. The cathode 
consisted of a mixture of the BL/MHX, carbon black and poly(tetrafluoroethylene) 
which was pressed into a thin film 50-60 mm thick. The electrolyte used was 1 M 
^ I LiPFe in a 1:1:3 mixture of propylene carbonate, ethylene carbonate and dimethyl 

^ ! carbonate (EM Industries). Handling of materials and cell assembling was carried out 
^ o I in an Ar-filled glove box with water content less than 5 ppm (Vacuum Atmospheres). 



d J I fingerprint the potentials at which the redox reactions occurred and to determine their 
' electrochemical reversibility, the cyclic voltammograms were obtained for all materials 
at the potential range from their rest potential in the cathodic direction to 0.5 V vs. 
Li/Li"'". Next, the potential was reversed in the anodic direction to 3.5 V and 4.2 V vs. 
Li/Li"^ reference electrode. The scan rate was 0.1 mV/s for all cases. A cathodic peak 
was observed in the cyclic voltammogram of CaHBr, CaHCI. and KHI indicating 
reduction of the electrode active material. CaHBr and CaHCI could be cycled. 
CaHBr, CaHCI, and KHI have potential as primary batteries. CaHBr also shows 
promise an electrode active material for a secondary battery. 

> 

31. Technology Insights, 6540 Lusk Boulevard, Suite C-102, San Diego, OA 
92121, "HydroCatalysis Technical Assessment Prepared for PacifiCorp", 
August 2, 1996. 

This report documents a technical assessment of a novel source of hydrogen 
energy advanced by HydroCatalysis Power Corporation now BlackLight Power, Inc. 
(BLR). The assessment was conducted as part of the due diligence performed for 
PacifiCorp. It was conducted by a literature search and review, site visits to BLP and 
collaborating organizations, and telephone interviews with others active in the general 
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area. A description of concept is provided in Section 3. Section 4 presents an 
assessment of the concept background, supporting theory, laboratory prototypes, 
projected initial products, and economic and environmental aspects. Section 5 
documents the results of telephone interviews and site visits. An overall summary and 
conclusions are presented in the following section. 

32. Kline-Anderson, Inc., 8926 Kirby Drive, Houston, TX 77054, "Review of 
Schedule and Resource Requirements to Develop a HydroCatalysis 
Functional Prototype Unit Final Report for Technology Insights", October 23, 
1996. 

This report documents a technical assessment of a novel source of hydrogen 
energy advanced by HydroCatalysis Power Corporation now BlackLight Power, Inc. 
(BLP). The report is based on fact finding trips to BLP and NovaTech and written 
documentation provided by BLP and Technology Insights. The assessment was 
conducted as part of the due diligence performed for PacifiCorp under guidance of 
Technology Insights. The work scope was to assess and formulate a plan to 
commercial the BLP technology by a new commercialization company COMCO with a 
considerable investment by PacifiCorp. Plans for development of a functional 
prototype unit and comments and recommendations regarding planned tasks, 
resource requirements, and project schedule are given. 

33. P. M. Jansson, "HydroCatalysis: A New Energy Paradigm for the 21st 
Century", Thesis Submitted in partial fulfillment of the requirements of the 
Masters of Science in Engineering Degree in the Graduate Division of Rowan 
University, May 1997, Thesis Advisors: Dr. J. L. Schmalzel, Dr. T. R. 
Chandrupatia, and Dr. A. J. Marchese, External Advisors: Dr. J. Phillips, 
Pennsylvania State University, Dr. R. L. Mills, BlackLight Power, Inc., W. R. 
Good, BlackLight Power, Inc. 

This thesis reviews the problems of worldwide energy supply, describes the 
current technologies that meet the energy needs of our industrial societies, 
summarizes the environmental impacts of those fuels and technologies and their 
increased use by a growing global and increasing technical economy. The work also 
describes and advances the technology being developed by BlackLight Power, Inc. 
(BLP) a scientific company located in Princeton, New Jersey. BLP's technology 
proports to offer commercially viable and useful heat generation via a previously 
unrecognized natural phenomenon - the catalytic reduction of the hydrogen atom to a 
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lower energy state. Laboratory tests obtained as original research of this thesis as 
well as the review of the data of others substantiate the fact that replication of the 
experimental conditions which are favorable to initiating and sustaining the new 
energy release process will generate controllable, reproducible, sustainable and 
commercial meaningful heat. For example, Jansson has determined heat production 
associated with hydrino formation with a Calvet calorimeter which yielded exceptional 
results. Specifically, the results are completely consistent with Mills hydrino formation 
hypothesis. Approximately lO"' moles of hydrogen was admitted to a 20 cm' Calvet 
cell containing a heated platinum filament and kno, powder. In the three separate 
trials with a platinum filament hydrogen dissociator which was varied in length of 10 
cm, 20 cm, and 30 cm, a mean power of 0.581 , 0.81 8, and 1 .572 watts was observed, 
receptively. The closed experiments were run to completion. The energy observed 
was 622, 369, and 747 kJ. respectively. This is equivalent to the generation of 
6.2 x\o' J /mole, 11 x\o' J / mole , and 1 .5 X \o' J / mole of hydrogen, respectively, as 
compared to i.sx\o' j/mou of hydrogen anticipated for standard hydrogen combustion. 
Thus, the total heats generated appear to be at least 1000 times too large to be 
explained by conventional chemistry, but the results are completely consistent with 
Mills model. Convincing evidence is presented to lead to the conclusion that BLP 
technology has tremendous potential to achieve commercialization and become an 
energy paradigm for the next century. The research was also conducted as part of the 
due diligence performed for Atlantic Energy now Conectiv. 

34. Phillips, J., Smith, J., Kurtz, S., "Report On Calorimetric Investigations Of 
Gas-Phase Catalyzed Hydrino Formation" Final report for Period October- 
December 1996", January 1, 1997, A Confidential Report submitted to 
BlackLight Power, Inc. provided by BlackLight Power, Inc., Great Valley 
Corporate Center, 41 Great Valley Parkway, Malvern, PA 19355. 

Pennsylvania State University Chemical Engineering Department has 
determined heat production associated with hydrino formation with a Calvet 
calorimeter which yielded exceptional results. Specifically, the results are completely 
consistent with Mills hydrino formation hypothesis. In three separate trials, between 
10 and 20 K Joules were generated at a rate of 0.5 Watts, upon admission of 
approximately lo-' moles of hydrogen to the 20 cm' Calvet cell containing a heated 
platinum filament and kno, powder. This is equivalent to the generation of lo'y/mo/c 
of hydrogen, as compared to lsxxq' j/moie of hydrogen anticipated for standard 
hydrogen combustion. Thus, the total heats generated appear to be 100 times too 
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large to be explained by conventional chemistry, but the results are completely 
consistent with Mills model. 

35. Phillips, J., Shim, H., "Additional Calorimetric Examples of Anomalous Heat 
from Physical Mixtures of K/Carbon and Pd/Carbon", January 1, 1996, A 
Confidential Report submitted to HydroCatalysis Power Corporation 
provided by HydroCatalysis Power Corporation, Great Valley Corporate 
Center. 41 Great Valley Parkway, Malvern, PA 19355. 

Pennsvlvania State University Chemical Eng infiering Department has 
determined excess heat release from flowing hydrogen in the presence of ionic 
hydrogen spillover catalytic material: 40% by weight potassium nitrate (KNO3) on 
graphitic carbon powder with 5% by weight 1%-Pd-on-graphitic carbon (K+/K+ 
electrocatalytic couple) by the very accurate and reliable method of heat 
measurement, thermopile conversion of heat into an electrical output signal. Excess 
power and heat were observed with flowing hydrogen over the catalyst. However, no 
excess power was observed with flowing helium over the catalyst mixture. Rates of 
heat production were reproducibly observed which were higher than that expected 
from the conversion of all the hydrogen entering the cell to water, and the total energy 
observed was over four times larger than that expected if all the catalytic material in 
the cell were converted to the lowest energy state by "known" chemical reactions. 
Thus, "anomalous" heat, heat of a magnitude and duration which could not be 
explained by conventional chemistry, was reproducibly observed. 

36. Bradford, M. C, Phillips, J., "A Calorimetric Investigation of the Reaction of 
Hydrogen with Sample PSU #1", September 11, 1994, A Confidential Report 
submitted to HydroCatalysis Power Corporation provided by HydroCatalysis 
Power Corporation, Great Valley Corporate Center, 41 Great Valley Parkway, 
Malvern, PA 19355. 

Pennsvlvania State Universitv Chemical Enqinf ^ftrina Department has 
determined excess heat release from flowing hydrogen in the presence of nickel oxide 
powder containing strontium niobium oxide (Nb3+/Sr2+ electrocatalytic couple) by the 
very accurate and reliable method of heat measurement, thermopile conversion of 
heat into an electrical output signal. Excess power and heat were observed with 
flowing hydrogen over the catalyst which increased with increasing flow rate. 
However, no excess power was observed with flowing helium over the catalyst/nickel 
oxide mixture or flowing hydrogen over nickel oxide alone. Approximately 10 cc of 
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nickel oxide powder containing strontium niobium oxide immediately produced 0.55 W 
of steady state output power at 523 jK. When the gas was switched from hydrogen to 
helium, the power immediately dropped. The switch back to hydrogen restored the 
excess power output which continued to increase until the hydrogen source cylinder 
emptied at about the 40,000 second time point. With no hydrogen flow the output 
power fell to zero. 

The source of heat is assigned to the electrocatalytic, exothermic reaction 
whereby the electrons of hydrogen atoms are induced to undergo transitions to 
quantized energy levels below the conventional "ground state". These lower energy 

states correspond to fractional quantum numbers: n = 1/2, 1/3. 1/4 Transitions to 

these lower energy states are stimulated in the presence of pairs of niobium and 
strontium ions (Nb3+/Sr2+ electrocatalytic couple) which provide 27.2 eV energy 
sinks. 

37. Jacox, M. G., Watts, K. D., "The Search for Excess Heat in the Mills 
Electrolytic Cell", Idaho National Engineering Laboratory, EG&G Idaho, Inc., 
Idaho Falls, Idaho, 83415, January 7, 1993. 

Idaho National Engineering Laboratory (INEL) operated a cell identical to that of 
Thermacore [16] except that it was minus the central cathode and that the cell was 
wrapped in a one-inch layer of urethane foam insulation about the cylindrical surface. 
The cell was operated in a pulsed power mode. A current of 10 amperes was passed 
through the cell for 0.2 seconds followed by 0.8 seconds of zero current for the current 
cycle. The cell voltage was about 2.4 volts, for an average input power of 4.8 W. The 
electrolysis power average was 1 .84 W, and the stirrer power was measured to be 0.3 
W. Thus, the total average net input power was 2.14 W. The cell was operated at 
various resistance heater settings, and the temperature difference between the cell 
and the ambient as well as the heater power were measured. The results of the 
excess power as a function of cell temperature with the cell operating in the pulsed 
power mode at 1 Hz with a cell voltage of 2.4 volts, a peak current of 10 amperes, and 
a duty cycle of 20 % showed that the excess power is temperature dependent for 
pulsed power operation, and the maximum excess power was 18 W for an input 
electrolysis joule heating power of 2.14 W. Thus, the ratio of excess power to input 
electrolysis joule heating power was 850 %. INEL scientists constructed an 
electrolytic cell comprising a nickel cathode, a platinized titanium anode, and a 0.57 M 
K2CO3 electrolyte. The cell design appears in Appendix 1. The cell was operated in 
the environmental chamber in the INEL Battery Test Laboratory at constant current. 
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and the heat was removed by forced air convection in two cases. In the first case, the 
air was circulated by the environmental chamber circulatory system alone. In the 
second case, an additional forced air fan was directed onto the cell. The cell was 
equipped with a water condenser, and the water addition to the cell due to electrolysis 
losses was measured. The data of the forced convection heat loss calorimetry 
experiments during the electrolysis of a 0.57 M K2CO3 electrolyte with the INEL cell 
showed that 13 W of excess power was produced. This excess power could not be 
attributed to recombination of the hydrogen and oxygen as indicated by the 
equivalence of the calculated and measured water balance. 

38. Peterson, S., H., Evaluation of Heat Production from Light Water Electrolysis 
Cells of HydroCatalysis Power Corporation, Report from Westinghouse STC, 
1310 Beulah Road, Pittsburgh, PA, February 25, 1994. 

Westinghouse Electric Corporation reports that excess heat was observed 
during the electrolysis of aqueous potassium carbonate (K+/K+ electrocatalytic 
couple) where the electrolysis of aqueous sodium carbonate served as the control. 
The data of the temperature of the cell minus the ambient temperature shows that 
when potassium carbonate replaced .sodium carbonate in the same cell with the same 
Input electrolysis power, the potassium experiment was twice as hot as the sodium 
carbonate experiment for the duration of the experiment, one month. The net faraday 
efficiency of gas evolution was experimentally measured to be unity by weighing the 
experiment to determine that the expected rate of water consumption was observed. 
The output power exceeded the total input power. The data was analyzed by 
HydroCatalysis Power Corporation [29]. 

39. Mills, R., Analysis by HydroCatalysis Power Corporation of Westinghouse 
Report Entitled "Evaluation of Heat Production from Light Water Electrolysis 
Cells of HydroCatalysis Power Corporation, Report from Westinghouse 
STC", February 25, 1994. 

The data from the Westinghouse Report [28] was analyzed by HydroCatalysis 
Power Corporation now BlackLight Power, Inc. Westinghouse scientists report that 
excess heat was observed during the electrolysis of aqueous potassium carbonate 
(K+/K+ catalysts); whereas, no excess heat was observed during the electrolysis of 
aqueous sodium carbonate. The data of the temperature of the cell minus the 
ambient temperature showed that when potassium carbonate replaced sodium 
carbonate in the same cell with the same input electrolysis power, the potassium 
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experiment was twice as hot as the sodium carbonate experiment for the duration of 
the experiment, one month. The present experimental results are consistent with the 
release of heat energy from hydrogen atoms where pairs of potassium ions (K+/K+ 
electrocatalytic couple) induce the electrons of hydrogen atoms to relax to quantized 
energy levels below that of the "ground state" by providing a net enthalpy equal to an 
integer multiple of iriev which stimulate these transitions. Excess heat was observed 
only when NajCOg was replaced by K2CO3. For two sodium ions, no comparable 
reaction with a net enthalpy equal to an integer multiple of | I is possible. The 
excess energy could not be explained by recombination or known chemistry. 

40. Haldeman. C. W., Savoye, G. W., Iseler, G. W., Clark, H. R., MIT Lincoln 
Laboratories Excess Energy Cell Final report ACC Project 174 (3), April 25, 
1995. 

During the electrolysis of aqueous potassium carbonate, researchers working 
at MIT Lincoln Laboratories observed long duration excess power of 1-5 watts with 
output/input ratios over 10 in some cases with respect to the cell input power reduced 
by the enthalpy of the generated gas. In these cases, the output was 1.5 to 4 times 
the integrated volt-ampere power input. Faraday efficiency was measured 
volumetrically by direct water displacement. 

41. Craw-lvanco, M. T.; Tremblay, R. P.; Boniface, H. A.; Hilborn, J. W.; 
"Calorimetry for a Ni/K2C03 Cell", Atomic Energy Canada Limited, Chemical 
Engineering Branch, Chalk River Laboratories, Chalk River, Ontario, June 
1994. 

Atomic Enerav Canada Limited. Chalk River Laboratories , report that 128 % 
and 138% excess heat were observed in separate experiments by flow calorlmetry 
during the electrolysis of aqueous potassium carbonate (K+/K+ electrocatalytic 
couple) In a closed cell, and that 138% was observed in an open cell. 

42. Shaubach, R. M., Gernert, N. J., "Anomalous Heat From Hydrogen in Contact 
with Potassium Carbonate", Thermacore Report, March 1994. 

A high temperature/high pressure/high power density industrial prototype gas 
cell power generator which produced 50 watts of power at 300 °C having a nickel 
surface area of only 300 cm^ was successfully developed. A sample of the nickel 
tubing of the aqueous potassium carbonate permeation cell was analyzed by XPS at 
thP 7fittlemover Center for Surface Studies. Sinclair Laborato rv. Lehiah University. A 
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broad peak centered at 54.6 eV was present; whereas, the control nickel tube showed 
no feature. The binding energy (in vacuum) of H(n = 1/2) is 54.4 eV. Thus, the 
theoretical and measured binding energies for H(n = 1/2) are in excellent agreement. 
No excess energy or 54.6 eV feature were observed when sodium carbonate replaced 
potassium carbonate. 

43. Gernert, N., Shaubach, R. M., Mills, R., Good, W., "Nascent Hydrogen: An 
Energy Source," Final Report prepared by Thermacore, Inc., for the Aero 
Propulsion and Power Directorate, Wright Laboratory, Air Force IVIaterial 
Command (ASC), Wright-Patterson Air Force Base, Contract Number F33615- 
93-C-2326, May, (1994). 

In a report prepared for the Aero Propulsion and Power Direc torate. Wright 
Laboratory. Air Force Material Command (ASC). Wright-Patte rson Air Force Base. 
Thermacore reports, "anomalous heat was observed from a reaction of atomic 
hydrogen in contact with potassium carbonate on a nickel surface. The nickel surface 
consisted of 500 feet of 0.0625 inch diameter tubing wrapped in a coll. The coil was 
inserted into a pressure vessel containing a light water solution of potassium 
carbonate. The tubing and solution were heated to a steady state temperature of 249 
X using an l^R heater. Hydrogen at 1 100 psig was applied to the inside of the tubing. 
After the application of hydrogen, a 32 °C increase in temperature of the cell was 
measured which corresponds to 25 watts of heat. Heat production under these 
conditions is predicted by the theory of Mills where a new species of hydrogen is 
produced that has a lower energy state than normal hydrogen. ESCA analysis, done 
independently by Lehigh University, have found the predicted 55 eV signature of this 
new species of hydrogen." 

44. Wiesmann, H., Brookhaven National Laboratory, Department of Applied 
Science, Letter to Dr. Walter Polansky of the Department of Energy 
Regarding Excess Energy Verification at Brookhaven National Laboratory, 
October 16, 1991. 

Calorimetry of continuous electrolysis of aqueous potassium carbonate (K"*"/K"^ 
electrocatalytic couple) at a nickel cathode was performed in single cell dewar 
calorimetry cell by Noninski at Brookhaven National Laboratory . Dr. Weismann 
observed the experiment and reported the results to Dr. Walter Polansky of the U. S. 
Department of Energy. Dr. Weismann reports, "The claim is as follows. The 
temperature rise in the dewar is greater in the case of electrolysis as compared to 
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using a resistor, even though the power dissipated is equal in both cases. According 
to Dr. Mills' theory, this apparent "excess power" is due to the fact that the electron in 
a hydrogen atom can "decay" to stable subinterger quantum levels. Dr. Noninski 
demonstrated this thermal effect at BNL." The observed rise in temperature for a 
given input power was twice as high comparing electrolysis versus heater power. 

45. Nesterov, S. B., Kryukov, A. P., Moscow Power Engineering institute 
Affidavit, February, 26,1993. 

The l\/loscow Power Engineering Institute experiments showed 0.75 watts of 
heat output with only 0.3 watts of total power input (power=VI) during the electrolysis 
of an aqueous potassium carbonate electrolyte with a nickel foil cathode and a 
platinized titanium anode. Excess power over the total input on the order of 0.45 watts 
was produced reliably and continuously over a period of three months. Evaluation of^ 
the electrolyte after three months of operation showed no significant change in its 
density or molar concentration. The cell was disassembled and inspected after over 
one month of operation at 0.1 amperes. This inspection showed no visible signs of a 
reaction between the electrodes and the electrolyte. The eel! was re-assembled and 
operated as before. Excess energy was produced for the three month duration of the 
experiment. Scintillation counter measurements showed no signs of radiation external 
to the cell. 

46. Miiier, A., Simmons, G., Lehigh X-Ray Photoelectron Spectroscopy Report, 
Zettiemoyer Center for Surface Studies, Sinclair Laboratory, Lehigh 
University Bethlehem, PA, November 1993. 

Samples of the nickel cathodes of aqueous potassium carbonate electrolytic 
cells and aqueous sodium carbonate electrolytic cells were analyzed by XPS by Miller 
and Simmons of the Zettlemover Center for S urface Studies. Sinclair Laboratory. 
Lehioh University . A broad peak centered at 54.6 eV was present only in the cases of 
the potassium carbonate cells. The binding energy (in vacuum) of H(n = 1/2) is 54.4 
eV. Thus, the theoretical and measured binding energies for H(n = 1/2) are in 
excellent agreement. Lehigh University has conducted an extensive investigation of 
the cathodes from heat producing as well as those from control cells. Miller concludes 
that "1 was unable to find any other elements on the surface that cause the feature. 
The persistent appearance of a spectral feature near the predicted binding energy for 
many of the electrodes used with a K electrolyte is an encouraging piece of evidence 
for the existence of the reduced energy state hydrogen". 
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Al. Jacox, M. G., Watts, K. D., "INEL XPS Report", Idaho National Engineering 
Laboratory, EG&G Idaho, Inc., Idaho Falls, Idaho, 83415, November 1993. 

The Lehigh XPS results of a broad peak centered at 54.6 eV present only in the 
cases of the potassium carbonate cells [36] were confirmed at Idaho National 
Enaineerina Laboratory (INEL). Samples which demonstrated the feature as well as 
control electrodes were tested for the presence of trace amounts of impurities of the 
elements iron and lithium at a sensitivity level of greater than 1000 times that of XPS. 
TOF-SIMS (Time of Flight-Secondary Ion Mass Spectroscopy) and XPS analysis of 
the nickel surface was performed by Charles Evans & Associates [38]. The 54.6 eV 
feature was also observed by Charles Evans & Associates in the case of cathodes of 
potassium carbonate electrolytic cells [39], Iron and lithium were the only remaining 
atoms which were in question by Lehigh University and INEL as the source of the 54.6 
eV XPS peak. The Charles Evans TOF-SIMS results demonstrate that iron and 
lithium were not the source of this peak. 

48. Lee, Jang-Jung, Charles Evans & Associates Time-Of-Flight Secondary Ion 
Mass Spectroscopy (TOF-SIMS) Surface Analysis Report, CE&A Number 
40150, March 18, 1994. 

The Lehigh XPS results of a broad peak centered at 54.6 eV present only in the 
cases of the potassium carbonate cells [36] were confirmed at Idaho National 
Engineering Laboratory (INEL) [37]. Samples which demonstrated the feature as well 
as control electrodes were tested for the presence of trace amounts of impurities of 
the elements iron and lithium at a sensitivity level of greater than 1000 times that of 
XPS. TOF-SIMS (Time of Flight-Secondary Ion Mass Spectroscopy) and XPS 
analysis of the nickel surface was performed by Charles Eva ns & Associates. The 
54.6 eV feature was also observed by Charles Evans & Associates in the case of 
cathodes of potassium carbonate electrolytic cells [39]. Iron and lithium were the only 
remaining atoms which were in question by Lehigh University and INEL as the source 
of the 54.6 eV XPS peak. The Charles Evans TOF-SIMS results demonstrate that 
iron and lithium were not the source of this peak. 

49. Craig, A., Y., Charles Evans & Associates XPS/ESCA Results, CE&A Number 
44545, November 3, 1994. 

The Lehigh XPS results of a broad peak centered at 54.6 eV present only in the 
cases of the potassium carbonate ceils [36] were confirmed at Idaho National 
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Engineering Laboratory (INEL) [37]. Samples which demonstrated the feature as well 
as control electrodes were tested for the presence of trace amounts of impurities of 
the elements iron and lithium at a sensitivity level of greater than 1000 times that of 
XPS. TOF-SIMS (Time of Flight-Secondary Ion Mass Spectroscopy) and XPS 
analysis of the nickel surface was performed by Charles Eva ns & Associates [38]. 
The 54.6 eV feature was also observed by Charles Evans & Associates in the case of 
cathodes of potassium carbonate electrolytic cells. Iron and lithium were the only 
remaining atoms which were in question by Lehigh University and INEL as the source 
of the 54.6 eV XPS peak. The Charles Evans TOF-SIMS results demonstrate that 
Iron and lithium were not the source of this peak. 

50. Gary L. Turner, Ph.D., Rule 132 Declaration; Bala Dhandapani, Ph.D., Rule 
132 Declaration. 

Dr. Turner has been conducting NMR scans for over 20 years. He 
conducted scans on about 100 blind samples of compounds provided by 
BlackLight Power, Inc. Dr. Turner observed signals at -4 to -5 ppm. Dr. Turner 
states that he has never before observed signals in this range. 

Dr. Dhandapani is a research scientist at BlackLight Power, Inc. His 
declaration identifies the samples sent to Dr. Turner NMR analysis. Dr. 
Dhandapani states that the upfield shifts to -A to -5 ppm demonstrates the 
existence of lower energy states in which the electron is closer to the nucleous In 
the hydrogen atoms of the compounds. 

51. Jonathan Phillips, Ph.D., Rule 132 Declaration. 

Dr. Phillips conducted an experiment using an electrolytic cell and a potassium 
catalyst according to Dr. Mills invention. Dr. Phillips observed an excess of heat that 
could not be explained by any conventional chemical process. 
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Electrochemical Characterization of BlackUght Power, Inc MH as 
Electrode for li-ion Batteries 

Experimental: 

The following materials were tested as received from BlackLight Inc: (i) SrH^Bry, (ii) 
CaHxBry. (iii) CaHxCly, (iv) KH^Bry (v) KH Jy. Electrochemical characterization of the above 
materials as electrode for Li-ion battery system was canied out in Swagelok three electrode cells 
(T cells) presented in Fig. 1 A. The anode and the reference electrodes were discs of lithium foil, 
and the separator was a sheet of Whathman glass fiber filter paper. The cathode consisted of a 
mixture of the BIVMH, carbon black and poly(tetrafluoroethylene) which was pressed into a 
thin fihn 50-60 m thick. The electrolyte used was 1 M LiPFe in a 1:1:3 mixture of propylene 
carbonate, ethylene carbonate and dimethyl carbonate (EM Industries).^ Handling of materials 
and cell assembling was canied out in an Ar-filled glove box with water content less than 5 
ppm (Vaccum Atmospheres). 

The rest potential of all tested materials was 3.1 V vs. Li/Li* reference electrode. To 
fingerprint the potentials at which the redox reactions occur and to determine their 
electrochemical reversibility, the cyclic volatmmograms were obtained for all materials at 
potential range from their rest potential in the cathodic direction to 0.5 V vs, U/Lt Next, the 
potential was reversed in the anodic direction to 3.5V and 4.2 V v^. Li/Li" reference ej^ctrode. 
The scan rate was 0.1 mV/s for all cases. 

Results and Discussion: 

Fig. 1 presents cyclic voltammograms obtamed for sample A (KHxIy 990630 MWNA). 
The cathode was cycled between 0.5 V and 4. 2 V V5 Li/Li* reference electrode using a scan rate 
of 0.1 mV/s. As shown in Fig. 1 a small peak with a peak current less than 0.07 A/g is observed 
at 1.95 V vs Li/Li"" reference electrode indicating reduction of the electrode active material. 
Anodically, there is a current plateau of 0.002 A/g from 1 .6 V up to 3.95 V when a large increase 
of the current was observed. At this potential gassing of the electrode occurred, indicating that 
the observed current may be due to the irreversible oxidation of the active material through a gas 
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evolution reaction. As shown in Fig. 1, after the scanned potential passes through 4.2 V and 
returns in a negative direction, larger currents are observed at less positive potentials due to the 
parasitic gas reaction. In the second cycle almost identical redox behavior v^ras observed. To 
understand better the processes occurring at 4.2V. an attempt was made to charge the cathode 
under constant current (CC) mode until the electrode potential reaches 4.2 V and by keeping the 
electrode potential constant at 4.2 V, the material was charged under constant voltage mode 
(CV). The objective of this study was: (i) to determine the amount of charge/g necessary for a 
complete charge of the materia] (CC mode) and (ii) to detennine the presence of any diffusion 
of the electractive species (H) in bulk of the active material (CV mode). To test the cells, charge 
- discharge studies were done using currents of 50 ;i A . 

Under the CC mode, it took only several seconds with a total charge of 4 to 5 mA/g to 
charge fte electrode to 4. 2 V vs Li/Li* reference electrode. However, when the polarization was 
stopped, the potential dropped immediately from 4.2 V to its open circuit potential value of 3.1V 
indicating that the material cannot be charged above 3.2 V. Thus, the open circuit potential 
observed initially at 3.2 V was actually a potential at which the materials was in its oxidized 
form. 

Tbt CV data obtained analyzing the sample A ( KHxI, 990630 mwnA) in the region 
between 0.5 V and 3.2 V vs hVLi* reference electrode indicated that the cathode material is not 
reversible over the entire intercalation range. Anodic peak was not observed when the electrode 
was cycled in the positive direction indicating that tiie active material cannot be oxidized back 
reversibly to its initial oxidation state. 

Fig. 2 presents cyclic voltammograms obtained for the sample B(CaH,ay 990723 
mwnA). Tbe voltage was varied between 03 V and 4.2 V (Fig. 2B) and between 0.5 V and 3.0 V 
ys LiA-i* reference electrode. The scan between 0.5 V and 3.0 V was used to avoid any possible 
structural breakdown of the active material at high oveipotentials (4.2 V). 

Fig. 2 B shows a very well developed cathodic peak at 2.0 V vs Li/Li* reference electrode 
wifli a very high peak current of 45 mA/g. The anodic peak observed in the reverse scan. Fig. 2A 
was smaller 10 mA/g. However, this material shows better reversibility than A(KHxIy 990630 
mwnA). The initial studies indicated that B (CaH.Qy 990723 mwnA) may be used to construct 
a primary battery. To utilize this material as a caftode material for secondary batteries, fiirther 
studies will be necessary with an objective to improve its electrochemical leversibiUty. 
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Fig. 3 presents cyclic voltammograms obtained for the sample C(CaHxBry 
990812mwnA). The voltage was varied between 0.5 V and 4.2 V vs Li/Li* reference electrode 
using a scan rate of 0.1 mV/sec. 

Sample C(CaHxBry 990812mwnA) exhibits almost the same electrochemical 
characteristics as sample B(CaHxCly 990723 mwnA). As shown in Fig.3 a very well developed 
cathodic peak is obsenred at 2.0 V vs Li/Li^ reference electrode with a very high peak current of 
approxiametlly 50 mA/g. The anodic peak was absent in the reverse scan, until the electrode 
reaches an anodic potential of 3.2 V. The nature of the current observed at potentials higher 
than 3.2 V was discussed in details in Fig. 1 . 

The initial studies indicated that the material B(CaHxCly 990723 mwnA) can be used to 
construct a primary battery. To utilize this material as a cathode material for secondary batteries, 
further studies should have an objective to improve its electrochemical reversibility. 

Fig. 4 presents cyclic voltammograms obtained for the sample D(CaHxBry 
990819mwnA), The voltage was varied between 0.5 V and 3.6 V V vs Li/Li* reference electrode 
using a scan rate of 0,1 mV/sec. The electrode was scanned to only 3.6 V to avoid any possible 
structural breakdown of the active material at higher oveipotentials. 

Sample D(CaHxBry 990819mwnA) exhibits similar electrochemical characteristics when 
compared with the other samples. As shown in Fig.4, the cathodic peak is shifted m cathodic 
direction (1.2 V vs Li/Li* reference electrode). Two anodic peaks are observed in the positive 
direction. One is almost reversible to the cathodic peak at 1,2 V and the other was observed at 
1.8 V. The peak current (5 mA/g) observed in the first cycle is ahnost 10 times smaller than in 
the case of sample C. In the second cycle the peak current decreases to a value of 2mA/g and 
then in the third and the fourth cycle stabilizes to a value of 1 .5 mA/g. 

Both anodic peaks are stable with anodic peak current of 1 mA/g. Further studies should 
have an objective to increase (0 the electrochemical reversibility and (ii) capacity of this 
material. 

Fig. 5 presents cyclic voltammograms obtained for the sample E(SrHxBry 990812mwnA). 
The voltage was varied between 0.5 V and 4.2 V vs Li/Li* reference electrode using a scan rate 
of 0.1 mV/sec. This sample was not stable in the electrolyte. Several T cells were constructed in 
a glove box using this material. However, it was not possible to obtain any current response from 
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the electrode/electrolyte (1 M LiPFe in a 1:1:3 mixture of propylene carbonate, ethylene 
carbonate and dimethyl carbonate) interface. 

Figures 6 and 7 show the charge-discharge curves obtained for samples A and D, 
respectively. Similar results were obtained for the other samples. The electrode was cycled 
between 0.5 and 4.2 V at the rate of 50 /i A. All materials showed low reversible capacity of 
approximately 5 mA/g. To use these materials as cathodes in Li-ion secondary batteries it will 
necessary to improve the stability in the electrolyte and their reversible capacity. 

The samples A, B and C show large initial irreversible capacity which can be use to 
power primary Li batteries. 
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Figure 1 
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Figure 2 
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Figures 

Cyclic voltammogiam of sanqple C 
Weight of Cathode - 30 mg 
Scan Rate - 0.1 mV/sec 

Potential window - 4.2 V - 0.5 V 
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Figure 4 

Cyclic vohaminograms of san^le D 
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1.0 Introduction 

This report documents a technical assessment of a novel .^^"Lf ',HsTn '""^ 
hydrogen advanced by HydroCataiysis Power Corporation ("PCHRef 1 )• Jt "s an 
extension drawing from HPC confidential data, of an earlier report based on Pubhcly 
SrinSLL (Ref. 2). HPC represents that ^--^^y^^^SlTet^^^^^ 

tS^drino re^s to both individual low energy hydrogen atoms and low en^^^^^^^ 
correct. 

conclusions are presented In the following section. 

2.0 Summary and Conclusions 

It would be difficult to overstate the potential '-^S^^^^'^'^^^J^^^^Z^ 

bl n^J I?e Sn^pS ha^^^ profound effect on the worid economic Pol't'ca and 

Se it Ja?be uniiS^ it miy also be true. The following observations are noted. 

. The theoretical basis for the HPC concept was originally published i" 1989 
and has remained essentially constant in its fundamental elemer^ts sHv^ that 
Sme It has languished in obscurity for the most part, with a few 'nformed 
supporters substantially outnumbered by detradors. However 't app j-^to 
be gaining respect and attention of late fueled by an increasing number of 
validating Observations at the atomic and astrophysical leveLSome 
limitations and contradictions were noted by an infomied supporter, and 
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significant revisions and extensions could be expected if the m^or elements 
become generally accepted and the subject of widespread research. 

• UPC has used the theory to guide the development of energy cells ba^sed 
around the release of energy from hydrogen by a cata^rtic fea<Jon which 
allows hydrogen to achieve energy levels below the obsen^ed 9^°""^ state . 
Experimental devices have evolved from a water based e'ectrol^rtic eel 

operating at low temperatures and P°^«;,d^"^'»'«?;° .Jf/Tp A su^^^^^ in 
operating at increasing temperatures and power densi les HPC s success in 
applying the theory for this purpose is a significant factor supporting its 
general validity. 

. A majority view among technically qualified individuals that have worked with 
the e ectrolysis cells evolved by HPC is that some form of excess heat has 
?een pfoducld which Is not explainable by conventional chemical processes. 
This view is not unanimous, and the degree of acceptance decreases with 
decreasing proximity to and understanding of the expenments. The 
conclusion of this assessment is that data from experiments on ttie 
electrolytic cells are sufficient to demonstrate the production o excess heat 
However, consistent with the conclusion of HPC arid others, electrolytic ^11 
perfomiance is not sufficient to support commeraal applications for energy 
generation. 

• HPC began working on hydrogen gas based cells about t*°.ye?rs ago^and 
has recently (beginning in January. 1996) developed a rela ively simple 
Ja^or pSix,ncept Analysis of data obtained from HPC injcate^^^^ 
densities in the range of 1-4 Watts/cc. and possibly as high as 30 Watts/cc 
Sale Sen obtained ' The progress achieved by HPC on the vapor phase 
concept over the past seven months has been impressive and provides a 
basis for optimism regarding the commercial potential of this concept. 

• HPC has developed and refined procedures for Identification of low energy 
hydrogen atoms, called hydrinos. and lower energy hydrogen molecules, 
called dihydrinos. produced during operation of their cells. Evidence 
supporting the existence of hydrinos and dihydrinos has been developed by 
HPC and by independent laboratories. Indications consistent with projected 
charaderistics of hydrinos have been obtained ^'^}^'f%'']f^?^';^^^^^ 
procedures. Two additional tests which could provide definitive evidence of 
hydrinos have been Identified and one or both may be conducted in the near 



future. 



• Westinghouse has been following HPC'swori<for several yeare.x»nductir^ 
KSent testing of electrolytic cells in 1993/94 th^^S^ »heir Saence^d 
Technology Center (STC). They currently have an internally funded project 
to review the supporting information on the HPC concept and to support 
experiments at Penn State directed toward identification and charactenzation 
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Of hydrino. STC has a commitment to reach a definitive conclusion and 
recommendation regarding the HPC concept by the end of 1996. 

. The HPC theory and the projected characteristics of hydrino have been used 
to explain solar and deep space spectral observations in the soft X-ray apd 
ultraviolet regions. HPC is working with the National Radio Astronomy 
Laboratory (NRAO) to conduct an experiment later this fall which could 
provide more conclusive results regarding the existence of hydnno and^ 
fhe process may contribute to a fundamental revision /fe ac^^P^ed m°del 
of the universe. However, discussions with a participant from the NRAO 
indicate that the experiment has not yet been approved, is challenging, and 
may not lead to conclusive results. 

• Assuming the HPC concept is successful, the energy content of hydrogen is 
SnaS? estimated to be increased by at least a factor of 70 over hydroger, 
combustion. By another forni of comparison, the resulting energy content of 
water would be at least 30 times that of gasoline. 

. Assuming the process can be adapted to a gas turbine aPPlicaWon- ^ 
economic advantage of 1 to 2.5(t/kWh relative to a natural gas fired 
S^ed cycle gas turbine is projected. With a market share of 33% of 
SJert worid electricity consumption. 20/kWh would translate to $66 
Billion/year. 

. The environmental releases associated with the HPC process would be far 
below fossil generation options that represent the majonty of existing 
genS iacity and new capacity additions. In fact, oxygen rjease is 
Hkely to be considered a benefit, offsetting some of the reduced o)vgen 
production arising from a reduction in tropical rainforests. A Possible 
environmental concern could arise from the fact that water used to produ.^ 
Sd nS^ll be pennanently lost from the planet. However, it was estimated 
to take 370.000 years to consume an inch of the ocean while supplying 33% 
of the current world electricity consumption. 

On the whole, a significant and growing body of data supporting the validity of 
the HPC theoi^^nd hydr^en energy concept was identified. Some uncertainty 

rSingle'deS^^^^^ characterization of hydrino. A greater level of 
SSrtain^ is associated with the reduction of the energy conrep to Pra^'ce jn t^e 
SSded applications, but recent progress provides a strong basis for op imism 
Sardrng uCe su^ess. Key issues to be addressed in conjunction wrth developing 
S i^S^Sa commercial product are increasing the reaction po^er den^^^^ and 
establishing an energy cell and supporting auxiliaries design that provides the 
SisS/ degree of controllability for integration with a power conversion system 
SIS^ interviews and site visits to HPC and collaborating organizations covered 
iS fSKnge of functions from validating research through concept opt.m.zat^n and 
energy cell engineering. In all cases, the individuals involved were found to be 
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exceolionally capable and professionally qualified to address the challenging tasks that 
rSn to bring the concept to the point of integration with commercial power 
conversion or heat utilization systems. 

3.0 Concept Description 

The HPC concept is based on modifications to existing theory which, if proven 
correct would represent a major advance in the understanding of matter and energy. 
Se t?eoTwas developed by Dr. Randell Mills, the founder of HPC. i" ^o 'aborat.on 
wrth Dr J?hn Farrell of Franklin and Marshall College. One of the predictions of the 

is the exLnce of nonradiative states of the hydrogen atom b Jew me^^^^^^^ 
state- defined by existing theory. Dr. Mills believes he has developed a means of 
SfevSig mesriower level energy states, liberating energy in ™ch argej amounts 
?h1i a e obtained from the combustion of hydrogen. The theory behind the concept, 
existing laboratory prototypes, and projected initial products are summanzed in the 
following subsections. 

3.1 Background/Theory 

The HPC concept "originated in the same time frame as "?e "^o'd fusion" 
concepts, which came to public and general scientific attention 1989 (Ref. 4 5. 6). 
As attempts to explain the excess heat apparent in the experiments P'°1^^J^^^'^^ 
oossible Phenomena beyond fusion have been introduced. Because of its widespread 
SrineaSter years the te^ "cold fusion" has evolved to encompass broader heor.es 
and proSsIes for excess energy generation. While ^*^'}^^.^';^^^' '""^Z 
nuclear fusion, the theoretical basis for the HPC concept onginated in Parallel the 
•,Sd fusion- experiments, and the initial HPC experimental procedure was^simMar to 
those used in the early "cold fusion" experiments, thus the concept has often been 
viewed Witt, S he general framework of "cold fusion'. Since the HPC concept does not 
SeJSSi and given ttie negative perceptions and controversy associated with 
cold fusion. HPC has attempted to distance itself from the cold fusion community. 

The energy released in ttie HPC process is postulated to be released by^a 
catalytic reaction which allows hydrogen atoms to achieve a lower energy than their 
Sure ly oSS^ground state'. Because of its simplicity relative to other e ements. 
hSooen >^ the subject of a great deal of scientific attention In the lale nineteenth 
S^enSh Sies. Experimental obsen^ations of hydrogen behavior were 
used to gain a more detailed understanding of the nature of matter at the 
submlcroscopic level. A primary piece of evidence was the discrete bands of light 
emitted SJ^ydrogen gas during wmbustlon and ottier fomis of excitation These data 
S^e used to construe a model of the atom consisting of discrete energy levels 
associated with allowed orbits of the electron about the nucleus, with observed 
radiation emissions associated with changes in energy levels ansingfrom trans^t'ons 
among these orbits. Quantum numbers were assigned to the orbits beginning with the 
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marhematical formalism through the Schrodiriger equation which was used with 
variou^asJCmptions and boundary conditions to make further explanations of 
experimental observations. 

D, Rsndell Mills, the founDef of HPC. m rallaboratlon «m '"^^ J?? 
Fsn^llrf Franklin and Marstell Collage, davaiopad Ih. Oiaory »"»«^'* 

of the process Is taken from Ref. 7: 

-The Quantum number n=1 is routinely used to describe the "ground- electronic 
state of thi hydrogen atom. Dr. Mills shows that the n=1 state '^^the ■ground 
s a e ?or "pure" photon transitions (the n=1 state can absorb a photon and go to 
an excited electronic state, but it cannot release a photon and go to a "ower- 
»nprav eleSc s ate) However, an electron transition from the ground state 
^:ef^^rS!^XS\s1>oss^^e^V a '-onant collision' me^an^ 
ower-energy stales have fractional quantum numbers, n^l/integer. Processes 
S iiur without photons and that require collisions are common. example, 
the eShermic chemical reaction of H + H to fonn H, does not o«xi with the 
Im^sTo^ra photon (Ref. 8) Rather, the -ctjon -quires a colh^^^^^^^^ 
third body. M. to remove the bond energy -H + H + M- Hi + M ^ "f 
XSs th; energy from the exothermic reason and the -^J^^^^'J^ 
molecule and an inaease in the temperature of the system. Similarly, tne n i 
SaS hydroge"n and the n=^^rteger states of hydrogen are nonradiaj^e b^^ « 
traSiSon between two nonradialive states is possible via a resonant colhs^on. 
s?rn=° to n=S In these cases, during the collision the electron coupl^ to 
anSe ^e^rt transition or electron transfer reaction ^^^-^^ ^« 
exact amount of energy that must be removed from the ^y^[°f",l^°^'^^^„^^ 
reSart energy sink. The end result is a lower-energy state for the hydrogen 
Lr^an inSease in the temperature of the system. The reaction of hydrogen to 
fc^r^rgy staSs is refeSed to as a trj^n^itim reaction. Certain inorganic lons 
S a?e Toprietary to the Company serve as transition catalysts ^.ch 
resonantly acrapt energy from hydrogen atoms and release the energy to the 
su^?oSgs TTie transition catalyst should not be consumed in the reartion. It 
a^Cepts eS?rgy from hydrogen and releases the energy to the surroundings. 
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Thus the transition catalyst returns to the original slate. And, the energy 
. released from hydrogen atoms is very large compared to conventional chemical 
reactions including the combusUon of hydrogen. Multiple cycles of catalysis are 
possible with increasing amounts of energy with successive cycles of 
transitions." 

Potassium (K') is identified as having a transition energy level that matches with 
the calculated hydrogen atom energy exchange (27.2 ev) needed to effect a transition 
from the generally accepted "ground state' associated with quaritum numlier n=1 to a 
lower energy state associated with n=J^. and to other lower level fractional states. 
Thus potassium is considered a potential catalyst for releasing the hydrogen energy. 
The n=1 - n=>i reaction involves a hydrogen atom and two potassium atoms whidi 
undergo changes in ionization state, resulting in a net release of energy 40^8 ev) and 
a shrunken hydrogen atom, identified by Mills as a "hydrino". Subsequent additional 
lower level transitions are predicted to occur, increasing the energy release per atom 
bv the process. These postulated reactions form the basis for the HPC concept, which 
for the purposes of this assessment is assumed to result in an average energy release 
of 100 ev/atom. In comparison, the combustion of hydrogen in a conventional chemical 
reaction releases about 1.5 ev/atom. 

3.2 Evolution of Laboratory Prototypes 

Dr Mills has been developing reaction cells to test the theory and demonstrate 
the release of energy and formation of hydrinos since 1 989 The initial ceUs used water 
based electrolyte, and several variants have been described in the open literature. 
More recently, higher temperature cells have been developed using hydrogen gas. 

3.2.1 Water Based Electrolyte Cell (Low Temperature) 

Construction and operation of an early (1 990) version of a vrater based 
electrolyte cell was described in Ref. 9. The cells used vrere relatively small, 
containing 100 ml of electrolyte. The base case cell was cons ructed using a nickel foil 
cathode and a platinum wire anode, with a potassium carbonate (K^CO,) electrolyte for 
most of the mns performed. Electrolysis of the electrolyte by passing a current Uirough 
the electrodes was postulated to allow hydrogen and potassium atoms at the surface of 
the cathode to interact, resulting in the release of energy. Control cases used a 
sodium carbonate (Na^CO,) electrolyte, which was not expected to produce excess 
heat according to Mills' theory. Variables studied included electrode and vessel 
configurations, cell stirring and power application (square wave vs. do). Power 
generation in the cell was calculated from celt temperature, based on a •^"'brated 
inductive heat loss path to ambient A total of 29 cases using K^CO, elertrolyte with 
voltage applied to the electrodes were reported. Excess power represented to be 
coming from the hydrogen reaction was reported in all cases, ranging frorn 1.5 to 40 
times the net input power (total power to the electrodes minus the water electrolysis 
power). 
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Additional electrolytic cell results were reported by HPC and Thermacore in 
Ref. 10, as summarized below. 

. HPC reported results from three experiments in a cell somewhat larger (350 

Tl^^^or^mnZt SoJ for pulsed input). No excess power was 
rlportedSrSrnUorexperlrnent using sodium cart>onate. consistent w,th 

the Mills theory. 



Thermacore reported results 
from 1 1 experiments 
conducted in a much larger 
(10 gallon) cell. It had been 
observed that higher excess 
power was obtained In a 
pulsed input power mode, 
using a low frequency (1-2 
Hz) square wave. Nine of the 
Thermacore experiments 
consisted of varying the duty 
cycle (percent of time the 
voltage was applied) of the 
input square wave vk^ile 
holding other variables 
constant, with results shovwi 
in Fig. 1. The results indicate 
a well behaved process 
producing excess power 



Fiq. 3-1 Thermacore Experiment 
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resistance ^^^'^^'^'^^^^ mn were o^eVated for 7 days, while the K,CO, 
was measured at 17.6 times the net input power. 
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3.2.2 Gas Cell 

A new approach using hydrogen gas in a reaction cell was begun in 1 993 and 
has advanced considerably over the past year. Recognizing the limitations in 
temperature and power density capabilities of the electrolytic cells that had served to 
provide evidence of the production of excess heat and the existence of hydnno, HPC 
proceeded to develop new concepts based on using hydrogen gas as an input to the 
cell rather than producing it in the cell through electrolysis. This concept provides the 
potential for achieving much higher temperatures and power densities than have been 
achieved in the electrolytic cells discussed above. The evolution of the gas cell 
concept is summarized below, followed by additional discussion of the most recent and 
most promising concept, the vapor phase cell in the following section. 

The gas cell concepts introduce hydrogen into the cell in gaseous form rather 
than generating hydrogen by electrolysis of an aqueous solution in the cell, as is done 
in the electrolytic cells. Guided by Mills' theory, the objective of all of the concepts is to 
produce a local mixture of hydrogen atoms and catalyst ions, thus allowing the catalytic 
reaction to produce low energy hydrogen. An initial concept added hydrogen to a 
potassium carbonate solution via a coil of nickel tubing. Subsequent concepts moved 
toward introducing hydrogen gas directly in the cell, using initially a sintered catalyst 
then a spillover catalyst, and most recently a vapor phase cell. The charactenstics of 
these concepts are summarized below. 

• Hydrogen Diffusion/Aqueous Solution - This concept was developed by 
Thermacore, working in collaboration with HPC. Hydrogen was introduced 
into the cell through a coil of thin-walled nickel tubing placed inside a 
pressurized vessel containing a solution of K2CO3. Hydrogen atoms could 
then diffuse through the nickel and react with the potassium on the outer 
surface of the tubing. By using a pressurized vessel, higher temperatures 
and pressures (relative to atmospheric pressure aqueous solution electrolytic 
cells) were achieved. Excess power was observed in these cells as reported 
in Ref. 12. proving that excess power could be produced without electrolysis. 
However, 'Thermacore was unable to achieve sufficient power densities to 
support commercial applications. 

• Solid State Catalyst - Seeking to develop a concept with more economic 
potential, HPC began to investigate cells which would involve the direct 
interaction of hydrogen gas and a solid state catalyst. Initial concepts were 
based on a sintered metal oxide compound mixed with a catalyst material to 
induce the low energy hydrogen reaction. Tests at Penn State showed 
indications of excess power (Ref. 13) interpreted by HPC to be produced by 
transition of hydrogen to lower levels (hydrino). The solid state catalyst 
approach was further evolved through the development of hydrogen spillover 
catalysts consisting of mixtures of hydrogen dissociation materials and 
catalytic materials on graphitic carbon powder. Tests at Penn Slate also 
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demonstrated the production of excess power from spillover catalyst ce Is 
(Ref 14 15) In evaluating the results of the testing on the spillover catalyst 
cells HPC concluded that excess power was being produced, but recognized 
that the catalyst v/as being neutralized after a period of time, eventually 
terminating the reaction, thus this concept vrould require catalyst 
replenishment for sustained operation. 

• Vapor Phase Cell - In reviewing the results of the spillover catalyst cell 
testing HPC concluded that the reaction may have been takirig place in the 
vapor phase, leading to the development of a vapor phase «=f"f'_f*e current 
leading concept for energy production. The vapor phase cell consists of a 
means for establishing catalyst atoms in a gaseous slate along with 
hydrogen atoms, thus supporting a catalytic reaction in the vapor phase^ 
-mis evolution reduces the device to the basic elements predicted by the 
theory to produce low energy hydrogen: atomic hydrogen and cata yst ions to 
provide the required energy hole. The theory also P^^-rts that optimurn 
performance v^ill be obtained at a low pressure (less than 1/1 000th of an 
atmosphere. The prediction of optimum pressure is based on the 
development of the disproportionation reaction concept based on obsenration 
of solar reactions. With disproportionation. a hydrino atom can catalyse 
further collapse of another hydrino atom. At lower Pressures et^mbmajo^^ 
of hydrogen and hydrino atoms into molecules via collision with other atoms 
is less likely, thus the reaction can be more effectively sustained. The 
concept Is discussed in more detail in the following section. 

3.3 Basic Features and Performance of Vapor Phase Cells 

HPC began work on their first vapor phase cell concepts in January, 1 996, 
constructing small tabletop systems with one running at ajme. ^ased on early 
successes, a priority effort was begun in the spring of 1996. As of •^'j^J^f'^^^ 
variants of vapor phase cells have been constmcled and operated at HPC and most 
reSyatPennsylvaniaStateUniversity. In most cases, they have cons.st«l of a 
lefseh^ontaining a powered metal filament to dissociate hydrogen molecules a 
SmSSS to produ^ catalyst atoms at the desired vapor pressure arid oper Jng 
temp^raJure. an attached vacuum pump to provide for initial P"^9'"9 ^^^X^ "aen 
and to achieve and maintain the desired operating pressure and a so^^.'ljyf r?Sf " 
Ss Forcontrol experiments, provisions may also be included for a non^issoaaUng 
S sourS (e.g.. Srtridge heater) in addition to a metal filament and provision for 
introducina neirtral gas (e.g.. helium) and non-catalytic compounds (e.g sodium 
S^Ss)^ A ^^^^ varint utilizes a metal powder for dissociation of hydrogen 

moieoiles in conjunction with an external heater to achieve desired operating 

condSons HPC reports that excess power is being observed in all of the vapor phase 
^Stt A bSdescription of the devices and a summary of recent results is provided 
in the following subsections. 
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3.3.1 At-Wlar Glass Lamp 

A small gas vapor cell referred to by HPC as an "At-Mar Glass Lamp" is shown 
in Fig. 3-2. In this device, a Fig, 3-2 At-Mar Glass Lamp Schematic 
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vacuum pump is used to 
evacuate the cell and bake out 
impurities, then the cell is 
filled with hydrogen at a low 
pressure (-1 ton-). Hydrogen 
atoms are produced by 
dissociation of hydrogen 
molecules by the high 
temperature filament (typically 
tungsten). A small tube of a 
catalyst compound (e.g., 
KNO3) is placed alongside the 
filament to serve as a source 
of catalyst atoms. The device 
is placed in an insulated 
container partially filled with 
water kept at a uniform 
temperature by a stirring 
device and brought to an 

Sr^sTjS tIKSnt and the temperature of the water is monito^d by 
the^owuples to determine the rate of Increase of water temperature^^^^ «)nsterrt 
rne^ured level of Input power. The cell heating coefficient (AT/At/Power, CN^z^- 
^ec?nd)t Sefermined set of control cases for comparison with cases where 
condHions supporting low energy hydrogen production are present. For some of the 
mns me tnS surface, of the quartz tube was plated with silver to reduce radiant 
heat loss and thus increase the operating temperature of the cell. 

HPC has conducted a series of experiments using the At-Mar Glass Lamp 
device to investigate the production of excess energy. A set of control cases were 
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operated with hydrogen and 
power to the filament, and 
compared with a set of active 
cases in which a potassium 
catalyst compound was added. 
The results are shown in 
Fig. 3-3. A considerable scatter 
in the results is present, with 
average values for the Heating 
Coefficient (IQ-' X/Watt-second) 
of 1 .91 ± 0. 1 9 for the control 
cases and 2.37 ± 0.35 for the 
active cases. Calculating the 
excess power ratio as the ratio of 
the heating coefficient for the 
active cases over the control 
cases, excess power would be 
about 20% of input, or about 2 
watts on average. 



Fig. 3-3 At-Mar Glass Lamp Test Results 
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3.3.2 Isothermal Calorimeter 

A schematic diagram for a larger (2.5 liter volume) HPC vapor phase cell 



operating on the same 
principle as the At-Mar Glass 
lamp, and designated the 
Isothermal Calorimeter is 
shovm in Figure 3-4. The 
Isothermal Calorimeter Cell 
has been operated in a 
combination of control and 
active experiments to study the 
effect of key parameters (i.e., 
presence of catalyst and -- 
hydrogen gas, means for 
dissociation of hydrogen 
molecules). In a typical 
experiment, the vessel is 
pumped down and baked out 
to remove contaminants, then 
the desired conditions are 
established and the 
temperature is monitored until 
equilibrium is reached. For 
example, a control experiment 



Fig. 3-4 Isothenmal Calorimeter 
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Fig. 3'5a Isothermal Calorimeter Test Results 
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Fig. 3-5b Isothermal Calorimeter Test Results 
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might use the cartridge heater 
instead of the filament to heat 
the vessel without dissociation 
of hydrogen gas. A series of 
experiments reaching 
equilibrium at about 
the same temperature was 
conducted with various 
combinations of the key 
parameters, while noting the 
input power required to achieve 
the target temperature. 
Assuming the heat loss from the 
cell is the same in ail cases, the 
excess power generated in the 
cell would be the difference 
between the input power in the 
control cases and the input 
power in an active case. Data 
from a series of runs performed 
at HPC during June, 1996 at 
260 to 290 'C were analyzed 
assuming vessel heat loss is 
lineariy proportional to indicated 
temperature, with results as 
shown in Figures 3-5a and 
3-5b. The results in Figure 3-5a 
show excess power as a 
function of input power for a 
series of cases grouped based 
on (1) no potassium present, (2) 
potassium but no hydrogen, (3) 
potassium and hydrogen but no 
power to the filament, and (4) 
potassium, hydrogen and power 

iC's mTsa"LS^^^^^^ results plotted as a function of the number of key 
SSons present during the test. The data indicate a large amount of excess power 
for the cases where all of the conditions for the HydroCatalysis reaction are present 

3.3,3 Calvet Calorimeter Cell 

Another cell variant based on the same principle as the At-Mar Glass lamp is a 
small metal vessel cell operated within an oven to establish a well controlled operating 
fem^Sure These cells have been operated in multiples with simultaneous operation 
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Fig. 3-6 Penn State Calvet Calorimeter Cell 



20 ml Hydroflen 
Container 




Valve Stems 
FPament Leads 



-Oven 




VaNe 



■ To Vacuum 
Pump 



of control and active cells 
to investigate excess 
power generation, and in 
combination with a precisicn, 
thermopile based 
calorimeter, called a 
Calvet Calorimeter. 
Independent testing of a 
Calvet Calorimeter Cell 
began at Penn State in 
mid-July, as noted in the 
summary of a visit to 
Penn State provided in 
Section 5.2.3, A 
schematic of the device 
constnjcted at Penn 
State, which is similar to 
corresponding cells 
operated at HPC, is 

dsc'I!I^sed*'in?ectio 5.2.3, the cell was operated at near atmospheric pressure at an 
input power of 5 Watts, with preliminary analysis indicating the production of excess 
power in the range of 0.01 to 0.05 Watts over several days for a total energy 
corresponding to about 20 times the amount which would result from combustion of all 
of the hydrogen present in the cell and hydrogen reservoir. HPC reported excess 
power of 0.3 to 0 7 watts for a similar cell operating at a hydrogen pressure of about 

'ofToS^^^^^^^^^ Flo. 3-7 NIcKe, Hydride H vdropen source Ce,l 
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3.3.4 Metal Hydride 
Hydrogen Source 
Cell 

Another concept pursued 
by HPC involves the use of 
hydrided metal as a hydrogen 
source (Figure 3-7). In these 
devices, nickel wire which had 
been used as a cathode in an 
electrolytic cell is used as a 
filament in a gas cell. The nickel 
v^re is vwapped around a quartz 
tube or mandrel, electrical leads 
are attached, and the assembly 
is placed inside a larger quartz 
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tube The larger tube is epoxied into a large water container, the ends are sealed, the 
amerlube is evacuated, and power is applied to the filament. As the filament 
erSpLrature increases, hydrogen stored in the nickel during earlier electroyic cell 
opSon is released along with potassium which had plated out °" ^e surface _The 
°eleased potassium serves as the catalyst in some experiments. ;^"^°^hers include 
additional catalyst compound which is vaporized as the cell reaches operatmg 
remperature The water in the container is stirred as power is applied to the ce\ and 
eneSlnput to the water (output power from the cell) is detemi.ned from the rale o 
ferSperaUre rise. Additional .Control experiments have been conducted to improve the 
accuracy of the determination of cell output power. 

HPC reported that early tests which relied on potassium plated out on the nickel 
wire as the source of catalyst atoms were erratic in their P«rf°""^"^- ^"^i* y'f^ 
^^ncluded that a separate source of catalyst should be added *° f "■ J/^^^^^ .^^^ 
Quartz capillary containing a catalyst compound was placed inside he inner quartz tube 
for sVbSSuent tests. Testing of the nickel hydride gas cell concept was conducted by 
laryTng^r^^^^^^^^^ over a range of approximately 400 to 800 watts. For these runs 
measured excess power ranged from 40 to 120 watts (6 to 17% of input power). A test 
Slle S S reported to have produced approximately 250 watts of excess p<«ver 
Sth an input power of 170 watts. HPC believes the increased power "^^ ^e a resuH of 
rdisDroDortionation reaction supported by hydrino atoms released from the nicke wire. 
HpS aTbSs mS earlier gas cells were limited by the hydrogen atom densities in 
th^cel rand have evolved their devices to provide adequate hydrogen atom density. 
Therfeel that current results are being limited by catalyst atom density, and are 
directing device design and operation to address this limit. 

3.3.5 Tungsten Powder Cell 

Another gas cell concept being pursued by HPC is the use of tungsten pcwder 
rather than a tungsten filament for hydrogen dissociation. In this concept, as depicted 
in schematic form pig_ 3-8 Tungsten Powder Cell 
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in Fig. 3-8, the 
reaction chamber 
is a quartz tube 
containing 
tungsten powder 
and a catalyst 
compound. The 
tube is surrounded 
by a heating 
filament to achieve 
the required 

SocSe hydrogen on the tungsten. Results from a series of tests initiated in July are 
reported to indicate about 10 wltts excess power. This concept is in the early stage of 
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development, and can be expected to undergo significant refinement as a result of 
initial testing. 

3.4 Applications and Projected Products 

HPC has bequn to explore concepts for application of the technology for 

SS^" » ™nI;r5o™l povSr envision .quipmtnl. App«col,ons .n„s,»»d 
include: 

• 1 0 kW units for heat and electricity in residential applications 

. Industrial cogeneralion and distributed generation applications in the 100 kW 

to multi-megawatt range 
. Large central station applications, including units for retrofitting fossil boilers 

and repowering nuclear plants 

ga?trrt,rnf Otl?e?a^^^^^^^^^^^ are environed including motive power for 
automobiles, trucks, etc. 

4.0 Concept Assessment 

Thic c^Hion discusses the results of the concept assessment. Subsections 4 1 
HPC process is proven and commercially viable. 

4.1 Theory 

SlS?e Xm^JS^^^^^^^^^^^ -rS^matheJiatics and empinca. data 

fn^ff aH sufTident .^mplexity and magn^^^^ 

rontrowrsy before acceptance of major new developments or changes 'n accepted 
S^m^TIftonT The Mills theory proposes changes in interpretation of quantum 
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is controversial and not readily accepted by the scientific community. However 
appears that a small but expanding number of scientists are beginning to take the Mills 
theory seriously. 

The Mills theory has been documented in a series of publications beginning 
with Ref. 3. with the most recent revision provided in Ref. 16 A ^^view of one of the 
publications. Ref. 17, was documented by Dr. Reinhart Engelmann of the Oregon 
Graduate Institute of Science & Technology. Ref. 18. In summary. Dr. Engelmann 
stated -I am confident that the soundness of your basic, though """^ual. approach to 
quantum theory, combined with convincing experimental results, should eventually 
convince a broader scienfrfic community". As evidence is accumulating in support of 
the existence of hydrino. it appears that this broader acceptance is beginning to 
happen. 

Given the lime and resource limitations of this assessment, it was not 
considered productive to attempt an in-depth review of the theory Hov>^ever 
discussions with Dr. Stewart Kurtz (Section 5.1) of Penn State indicate that the tl^o-v 
has received considerable review by reputable physicists oyer the past several years^ 
resulting in extensions of the phenomena addressed by Mills, bu^ no fundamenta flaws 
in the theory have been identified. Dr. Reinhard Engelmann of the Oregon Graduate 
Institute of Science & Technology has also spent considerable effort reviewing the 
theory and its mathematical derivation (interview summary. Sertion 5^1). or 
Engelmann indicated a strong belief in the general validity and 'mportance of M lis 
theory, but expressed concern regarding some inconsistencies in *e theoretical 
framework which he was unable to resolve. He teels that what is needed "s for others 
to become interested and begin working on the mathematical development of the 
theory and believes that the best way to make that happen is to advance an energy 
generation device and expand the empirical evidence supporting the theory. 
Consistent with this view, attention was focused on the case existence of the 
postulated results - the hydrino - and the degree of confidence in the observa on of 
excess energy in the cell experiments conducted by HPC and others. The cell 
experiments are addressed in Section 4.2. and the case for the existence of hydnno is 
addressed below. 

4.1.1 Hydrino - Laboratory Observations 

If the theory is valid, hydrino could be expected to be found as a residual 
product from the operation of the HPC cells, but hydrino would not be easily detected 
because of its predicted high degree of stability, making it relatively inert, and its 
expected tendency to diffuse readily. Two methods for detecting hydrino as a 
byproduct of the reactions in the cells have been presented in the open literature, and 
a third has been recently advanced by HPC as summarized below. 

Y.r A v Phoioele^ *r"P SportmscoDv tXPSt - XPS was used to search for 
evidence of the presence of hydrinos on the surface of the cathode matenal from 
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electrolytic ceils The XPS procedure utilizes an X-ray photon source to ionize 
a oms and measure the kinetic energy of the emitted electron The binding 
eneTgy of the emitted electrons can be determined from their k-ne -c energy and 
The known photon energy. The procedure results in a spec mm of binding 
enel^gyTSaS for materials present in the specimea ^^^^^ ^'p^Ta 
n=V4 hydrino would be 54.4 ev according to Mills model. ^PS data were 
Seveloped for HPC specimens by the Zettlemoyer Center for Surface Stud^s. 
Lehigh University, with independent confimiing data produced by the Idaho 
NaSal Engineering Laboratory and Charles Evans & Associates. Ref. 1 1 
• reported XPS data for the following specimens: 

. Nickel foil from a cathode which had been operated with K,CO, electrolyte 
(no calorimetry) 

. Nickel wire from a cathode which had been operated with K,CO, electrolyte 

in a cell measured to be producing excess heat 
. Nickel wire from a cathode which had been operated with Na,CO, electrolyte 
. Precursor nickel electrode material (pure, heated, and oxidized specimens) 
A broad peak was observed in the vicinity of the predicted 54.4 ev binding 

?^?rSl^2h^X\no for the first two cases and not for the remaining samples. 
SthS neaS %TJSe^!^S^X^^e^-9 associated with nickel and l^own 
^nnri^efi in the samples Mills & Good concluded that the observed broad peak 
Z^odlcefby'^Ks Resent on the san^ples which had been operated as 
cathodes in cells with ICCOj electrolyte. The data presented in Ref. 11 are 
SnerS suSS of this conclusion, but are not totally convincing, in that 
SrreX s&nt variations In the average energy of ttje obse^ed ^^^^^^ 
ovniflinPri in the Daoer In subsequent discussions, Mills slated that tne 
CIS of CeakTs c^^^^^^ by Compton scattering, and that some drift .n 
vli ZZSed ener^ levels can be expected for XPS measurements. 

Recent unpublished XPS data associated with identification of hyjrino were 
bSdtSSJCe^^^^^ 

SXe'rSdKlitrodes an3 th'us reduces the PotentiaKo^ ^.tfSS' 
the energy regions where hydrino would be expeded. HPC has identmeo 
features in these data which they associate with the presence of n= /j. /„ and U 
Sos H^^vT^sncAed in Section 6.2.4. Dr. Miller of Lehigh, who 
So^edVhe XPs'work, does not feel the data ''^^^'^'^J^Z^^^^^, 
conclusive evidence of hydrino. Miller is concerned about the very small x-ray 
S^S-sTrtion of hydrogen (0.0002 relative to a carbon baseline) and of hydnno 
bv eJteSon knplying a requirement for a ve^r high density of hydnno on the 
speSsSrfS to ienerSte a signal In addition there is the possibil|ty erf a 
sS order potassium peak associated with lower energy potassium peaks 
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Which are present in the data. Miller believes that definitive results could be 
obtained by a gas phase experiment wrtiere the only material present is the gas 
from an HPC cell. He estimates that such an experiment wrould take between 
three and six months and cost between $100,000 and $200,000. 

liii^cc S pAf.troscopv - Mills projects that if hydrinos are present on the cathode 
metal surface, they would bind together to form -dihydrinos'. the equivalent of 
hydrogen molecules. These dihydrinos would be expected to be present in the 
electrolysis gases along with molecular hydrogen and oxygen. Mass 
spectroscopy was performed on electrolysis gas samples from K2CO3 and 
NaXO, cells along with control hydrogen samples by Schrader Analytical and 
Consulting Laboratories. An additional gas sample from a KjCOs cell was 
ignited vAVh the objective of increasing the dihydrino fraction through combustion 
tif much of the hydrogen and oxygen, thus increasing the hydnno fraction 
(termed postcombustion gases). The following tests and observations were 
reported: 

• It was postulated that the dihydrinos would have considerably higher 
ionization energy than molecular hydrogen. Ionization potential was vaned 
to identify thresholds for ionization of the molecules present, resulting in 
identification of a species with an ionization potential of 63 ev in the gases 
from the K,CO, cell, well above the hydrogen molecule ionization potential of 
15.46 ev. This.species was not present in the gases from the NajCO, cell or 
the control sarhples. 

• It was also postulated that while the mass/charge ratio for dihydrinos and 
hydrogen molecules would be indistinguishible. there would be a detectable 
difference in the magnetic moments of the two molecular ions. A double 
peak in the high resolution magnetic sector mass spectra at m/e=2 was 
observed for postcombustion gases at an ionization potential of 70 ev. The 
feature was not present for the gases at 25 ev or for a control hydrogen gas 
sample at 25 or 70 ev. 

It vras concluded that both observations are supportive of the presence of a 
species with the expected characteristics of dihydrino molecules in the gases 
from the KjCOj cell. 

Additional mass spectroscopy data have been developed by HPC utilizing off- 
gas from a vapor cell utilizing a Calvet calorimeter and gas collected from an 
electrolysis cell as discussed in Ref. 19 and summanzed below. 

• Gases were collected from a small (20 ml) gas vapor cell connected to a 
Calvet calorimeter for on-line detection of excess power production and 
passed through a mass spectrometer. Cell operating conditions were 
adjusted to obtain production of excess power in one case (as verified by the 
calorimeter) and to preclude production of excess power in a control case. 
The ionization potential of the mass spectrometer was varied back and forth 
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from 30 to 70 ev as the cell was operating. For the control case, the mass 
spectrometer was adjusted so that the signal .^^^^^'^^^/^'f ^^^^ m. "LmL 
the mass=2 species during the change in ionization potential. VVith the same 
mass spectrometer settings for the excess energy case a large increase in 
signal was observed as a result of the change of ionization potential. 

• Gases were collected from an evacuated hollow nickel cathode of an 
aqueous potassium carbonate electrolytic cell and an aqueous sodiurn 
Srbonate electrolytic cell (control case). Each cathode was sealed at one 
^d and was on-line to a mass spectrometer at the other end. allowing some 
of the gas produced during electrolysis to diffuse through the wall of the 
n iel ?ubing and flow to the mass spectrometer. The 'oniza^on Potent^l of 
Ke mass spectrometer was varied between 30 and 70 ev and the response 
for mass=2 species was obsen/ed. Data from the control case (sodium 
wrbonate electrolyte) Indicated an approximately constant signal during the 
Sange In ionization potential (average ratio for 70 ev ^'gnal vs 30 ev signal 
= 0 9) Data from the potassium carbonate electrolyte case showed a 
significant increase in the signal in all cases (average ratio = 4. 1 ). 

rhmmatoaraphv - Gas chromatography was used to ^earcjh for evid^ 
of dihydrinos due to differences in magnetic energies relative to hydrogen 
molecules As stated by HPC (Ref. 1 9): "Lower-energy hydrogen has an 
SSm^dear d^s ance which is fractional compared with that of normal hydro^^^^^^ 
?f.S nuclear hyperfine structure interactions are greater Also o>t.tel rnagnetic 
hySyperfine interactions are possible for lower-energy ^^'^^^^''-^^J^^^ 
p^rl fomis of molecular hydrogen can readily be separated by chromatography 
at low temperatures. Thus, we explored the possibility of using gas 
SiSog^J hy at cryogenic temperatures to discriminate hydrogen mole«jles 
from dprinos on the basis of the difference between magnetic energies of the 
two species." 

Gas chromatography was performed on two sources: (1) A «>"tro' sample of 
hydrogen gas produced by reacting NaOH with aluminum chips and (2) a 
sample e;Jected to contain lower energy hydrogen molecules d'hydnnps). TJe 
JeSS s^ple was produced from a 60 meter section of nickel >«re vvhi* 
been used as an electrode in a potassium carbonate electrolytic cell. The wire 
STs placed in an evacuated quartz tube and heated to SOO'C, resulting n the 
Sgassing of potassium and hydrogen loaded into the wire during elertrolysis. 
?Se gas chromatography results showed the expected twin Pf ^^sc^'ated 
with para and ortho hydrogen molecules for the con tro sample ^^^^^"^^^ 
from the quartz tube, the normal peaks were present along wth additional 
Kmed^ate lower level peaks, which were attributed by HPC to the presence of 
owBTlevel hydrogen molecules. The gas chromatography resuHs are relatively 
recent, and HPC is still developing the technique for this application, thus 
external review of the procedure and results has been limited to date. 
Seles^These da?a lend additional weight to the evidence for the existence 
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of hydrino developed by XPS and mass spectroscopy. 

AS HPC has gained experience with procedures to detect the Presence of 
hydrinol! Z case for their presence on electrodes from ♦»^« 

fern^m^rtt^S^^^ 

provide definitive confirmation of the low energy hydrogen concept. 
4.1.2 Hydrinos - Environmental Observations 

Another argument for the existence of hydrino is based observationsof 

^^7Jntioi cinurces of evidence of hydrino arising from more subtle effects, such as 
tSms i^rTatSnaTfne^y am'ong dihydrino -"'^^^^^^^^^^ 

"I ' ... ^^^^*r. im HPr has been rev ew ng radiation data and seeKing 
rnrp?n?e%'fe^?eTan?S^^^^^^^^^ with astrophysicists with regard to evidence of 
the existence of hydripo. 

in Ref 16 spectral data taken by a sounding rocket, as reported in Ref 21 , were 
evaluaSd S HPC for indications of hydrino. Re^- 21 reported seven obseived 
emiS features in the wavelength range of 80 to 650 A as ^^ovvj. Jl^^l^^^^^^ 
HPC-s initial review of Ref. 21. peate with >^>'«'^"9«\^~';«,^P°"^^^^^ 
__i V V _ V and V.- V, were identified and assigned (Ref. 1 1 ), and tne low signoi-iu- 
niratio* oflhTSate vSs stated as likely to have obscured the V,- V. transition P^^^^ 
HPC aTso reported in Ref. 1 1 that a review of the raw data ofta.ned from the authors 
Sentmed a possible additional peak which could be associated >^th the /. 
S on Following external review and comment, and subsequent extension of the 
Smodel induding the development of the disproportionation reaction model, the 
emLTon S tTansitions'was shifted by 54.4 ev resulting in a re^s jgnmenl of 

Sie Tnes to n=%-%. and %-% transitions. The final assignments, as 

20 

CONTAINS HPC CONRDENTIAL INFORMATION 



•a 



TECHNOLOGY INSIGHTS 



HvdroCatBlysis Technical Assessment 



documented in Ref. 16 are shown in Table 4-1. Several additional lines were identified 
?n ReMf from a review of the raw data and were assigned to other low energy 
hydrogen transitions plus related scattering and second order peaks. 



Table 4-1 Extreme UV Interstellar Spectral Data 



Observed PeaK 
Wavelength, A' 



Labov & Bpwyer 
Assignment* 



Labov & Bowyer 
Wavelength, A* 



Mills 
Assignment^ 



Mills 
Wavelength* 



Fe XVII. Fe XIX 
Log T=6.8 



-99 



1/6- 1/7 
Transition 



101.3 



,.,178.1^ 



Fe X, FeXI 
Log T=6.0 



-178 



1/4 - 1/5 
Transition 



182.3 



Second Order 
98.7 Line 



-198 



Second Order 
1/6- 1/7 Line 



202.6 



,299.7**^ 



He II 



304 



1/3 - 1/4 
Transition 



303.9 



,582.1* 



He Scattering of 
Solar Radiation 



584 



He Resonance 
Scattered Emission 



584 



^609,r 



Second Order 
He II Une 



609 



,634.7**' 



OV 
5.4<Log T<5.7 



Second Order 
1/3 - 1/4 Line 



607.8 



629.7 



He Scattered 
1/3 - 1/4 Une 



6^3.0 



l^f,H^3^i£te^eemable that were associated 



II was concluded by HPC that the data were consistent ««th the presence of me 
lowe energy hydrogen states predicted by the Mills theory, and that use of the MiHs 
Seo^ provides a more satisfadory explanation for the observed data th^n exjst'ns 
SSs ?Ke comparison with the Labov and Bowyer peaks as ^ssigned^n the r paper 
^tdentif.ed by John F^rrell (Section 5.2.5) as the strongest case J^e ex.s^en<^ of 
Srino baied on astrophysical evidence. The HPC '"ttT'^'^'Trnmid bt FaSS Sis 
dfsmrted bv Bowyer and the paper on the HPC interpretation submitted by Farre ' Mills 
JnH^^rfyReTzZHo Astrophysical Letters and Communications was not accepted for 
SS^ri ^J^u?;^^ irS; hydrogen concept -d its imP^^^^^^^^^ '^^^^ 
interpretation has not received general reviewer acceptance by the astrophysics 

community. 

More recent work by Mills has identified additional evidence the e^Jtence of 
hvdrir« in astrophysics data. Spectral lines and charactenstics of the sun have been 
asSated Sffilated hydrino transition energy levels, includingd.hydr.no 
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molecule rotational transitions. The success of h/dnno models in expljnm^ 
observations heretofore not rationalized has begun '° f^^^f^^f^^^^^^^^^ 
astrophysicists. A proposed joint research project with the Nat onal Radio fl^tronomy 
ObservK is directed toward further exploring the validity of the Mil s model in 
preSng ^diation phenorriena in space, as noted in the summary a P^one 
Sve sation with Dr Barry Turner of the National Radio Astronomy Observ^ory in 
Sn ST It thus appeaJs that the application of "^'fJ^J^^J^^^i^"^^^^^ 
observed phenomena in space is gaining some a^^P*^"??^ "^-^T SmoSS 
as indicated by lack of acceptance of an earlier proposal (Ref. 23]. the astrophysics 
SrlimSy remains generally resistant to serious consideration of Mills theory. 

The correlation of the Labov and Bowyer extreme ultraviolet ^^^2;!°"^*^^^^^^^ 

SiSirr:xThKS^SiS^^^^^^ 

4.2 Prototype Performance 

This section addresses the laboratory Pe'Tf/^^^'^^ "i^ ^"^ 
operated in accordance with the HPC concept with regard l^^f^^^.J^J^ 
p?oduction of excess power (power beyond that which could be explained by 
conventional processes). 

4.2.1 Water Based Electrolyte Cell (Low Temperature) 

The 1990 cell reported in Ref. 9 was a small unit, utilizing a half ^^^'[^'!;^!^^' 
and 100 ml of electrolyte. The cell calorimetry was based on calibrating hethennal 
Sanc^for heat loss through what was designed to be a P:«J°";''2t^S^^^^^^^ 
based heat transfer path to ambient A resistance heater «f « '™^'"^ed in the ^'1 to 
support detemiination of the thermal resistance for ce« heat loss. the heater was 
alS. operated in conjunction with power to the electrodes in many of the cases. 
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"Excess power" was calculated by subtracting the difference between the cell energy 
losses: 

• Heat transfer losses to ambient 

• Water electrolysis energy 
and the known cell energy inputs: 

• Resistance heater power 

• Power to cell electrodes 

The Quantities of energy losses and power input were small, ranging from a fraction of 

to a fei watts. Since the "excess power" was calculated as the difference 
a,^^ng ?hese quantities, the potential for measurement error or omitted or -nadeq^^tely 
modeled ohenomena resulting in misinterpretation of results is significant This is 
SSmon to all onhe experiments of this nature, and provides the pnmaiy basis for 
Sversy regarding the outcome of the experiments. A careful review of the cell 
SSSon and resufts in Ref. 9 did not provide sufficient basis for a clear conclusion 
that excess power had in fact been observed. 

The 1994 cell reported in Ref. 1 1 represented a considerable advance over the 
earlier cell The larger size and increased power levels educed measurement 
unStaSes vSiile the instrumented condenser provided for a direct measurement of 
^ifheJt toss T^us the calibration runs constituted a check on the effectiveness of 
S atfng Sl condenser as the dominant heat removal P« V^°^Til?n^.!^ that 
beS Se input power and heat removal through the condenser. It was noted that 
SShrelecJolysis runs, an additional heat removal path was prov|ded v a vapor 
Sr3er and sensible heat loss from the effluent gases. This would result in an 
SdSmSte of the energy production in the cell and a corresponding underestimate 
irSirill excess power. The results from this experiment appear to provide a 
convincing case for excess power generation. 

Independent confimiation of excess heat from electrolytic cells over long periods 
of time has been documented, including the following: 

• V.C. NoninskyoftheLaboratoryforElectrochemistorof Re 

Solution Interface. Sophia. Bulgaria, conducted ^^on^CO,^}^^^^ 
electrode cell experiments as a visiting scholar at Franklin and Marehall 
College. He reported evidence of excess heat production in Ret. 25. 

• Work was conducted at the Hokkaido University Catalysis Research Center 

to~ easure excess heat in H,0/K,CO, and H.0^3.C0, °elte using 
nickel gold, silver and tin electrodes. Excess heat was reported for the 
H OIKfiO, electrolyte/nickel electrode cell along with some of the other cells 
operated at the Center (Ref. 26 and 27). 
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. Additional measurements of excess heal in H^O/K^CO, electrolyte nickel 
electrode cells has been reported (Ref. 28 and 29). However, while the 
experimenters reported excess heat, they believed that it was being 
generated by a fusion reaction with the alkali metals rather than the 
mechanism proposed by Mills. 

• Engineers at the Moscow Power Engineering Institute reported excess__ 
energy produced 'reliably and continuously over the last three months 
(Ref. 30). 

. in a report to Wright Laboratory of the Air Force Materials CommandN 
Thermacore reported anomalous heat in a pressunzed H^O/KjCO, cell with 
hydrogen gas introduced via a coil of nickel tubing (Ref. 31 ). 

. A study at NASA Lewis Research Center (Ref. 32) identified aPP^'-ent excess 
heat, but noted that the observations could be explained by recombination of 
electrolysis gases in the cell. 

• Additional unpublished work at INEL. Westinghouse. and MIT Lincoln 
Laboratories (Ref. 33. 34. 35) indicate production of excess power. 

While there has been a number of independent confirmations of excess POwer 
oeneration in the H,O/K,C0, electrolyte/nickel electrode cells, there has also been 
SrovSy"egarding Se source of the excess power. Other ^^'^"^^'^^"^i'l^^Oj,,, 
Sallenge the validity of the excess heat observations. "^^^V^nln iC^ic ceJT 
me debate continues, the evidence of excess power generation in ?'ert™ly1ic ceMs 
based on the HPC concept identified in this assessment is convincing Wtef "^f • 
HPC has included that ^e electrolytic cells offer little commercial potential, and has 
moved on to gas cells as discussed below. 

4.2.2 Gas Cells 

As illustrated in Sections 3.2. the gas cells are a recent development and have 
been undergoing rapid evolution from hydrogen diffusion/aqueous s<J"tio" ^lls to solid 
state (sintered and spillover) catalyst cells to the most recent concepts, the vapor 
ph2i Sis Excess power produ^ion in the hydrogen dWusiojVaqueous s^ut on cell 
Sniept has been measured by Thermacore. as reported .n Ref. 31 . As noted .n 
^cS^n 3 2 2 testing of HPC cells at Penn State indicated excess power production by 
Sp?°sSS"d2S and spillover catalyst cells. Papers '^'^"^^^^^^^ 
were reviewed and the bases for the conclusions regarding the produdron of ex«w 
p^er w2rconfim,ed. However, most of the excess power 1^^^^'^^^^^^;:^?^^^ 
tov«rd the vapor phase cells, since they hold the most promise and are the focus of 
current HPC efforts to develop a commercially viable product. 

The data obtained from HPC were reviewed and used to calartate exoe^ 
power values provided in Section 3.3 for the At-Mar Glass ^f"'f'.}^'^^^^)^^i^^ 
^.thermal Calorimeter cells (Fig. 3-6a.b). These tests "^^^'^^"^Z^^tor 
repeatability, as evidenced by the scatter in the data among the cases reported. For 

24 

CONTAINS HPC CONFIDENTIAL INFORMATION 



St 



tr 



TECHNOLOGY INSIGHTS 



HydroCaialysis Technical Assessment 



the At-Mar Glass Lamp, heat losses out the top and by radiation o the water in the 
inSnefare relatively uncontrolled. The silver plating on the 'Eternal su^^^^^ 
Sner quartz tube was a key factor in limiting radiant heat losses, and HPC noted that 
Se silver appeared to be redistributing during the series of tests. Mea^^^^^^^^^^fJ^^ , 
emoSure inside the cell was difficult because the low pressure and predominance of 
rS heS ransir made indicated temperature a strong function of thermocouple 
oSn r^aUve to the filament. Thus cell temperature in the reaction zone a key 
SblS was not well known or controlled. HPC addressed these limitations by 
SSng control tests with conditions as close to the active tests as possible^ On 
SILncS.^^^^^^^^^ results for the At-Mar Glass Lamp are considered to provide a 
statistically significant indication of excess power production. 

The Isothermal Calorimeter is a relatively simple device where heat loss is 
assumed to be proportional to temperature, and the amount of nput power required to 
ShedeSLtoagiventempera^^^^ , 
Sfons A reduction in the amount of input power required is an -nf «ca^on of ex^^^^ 
SwJ p^duction. in reviewing the design of the £^ ^[^'^^^^ ^3^^^ 

was identified regarding the measurement of temperature within the cell and its use o 
TdUte from the cell. As illustrated in Figure 3^, the themnocouple well was 

placed within the tungsten ^..^ 4.1 Isothermal Calorimeter Test Results 



260-290 C Experiments 
Adjusted for Filament Heating 



80 
60 



40 
I 20 



(-20 
-40 



filament element. Under low 
pressure conditions with 
predominantly radiant heat 
transfer, heating of the 
thermocouple well by the 
filament could establish a 
significant temperature 
difference between the 
thermocouple well and the 
vessel Vk^ll. Since heat loss to 
ambient is a function of vessel 
wall temperature, this could 
result in a significant 
overestimate of heat loss to 
ambient and the corresponding 
excess power for cases where 

™aS i^Kas i.ere heat input to the cell is provided by the cartric|ge heater 
S Tottom Data from HPC regarc^ng the operation oflhe 'f°lhermal Cal^^^^^^ 
p ovfcled support for the expectation that the thermocouple well would be hotter than 
Sie vessel vJall when the filament was powered, and a basis «s^jmat.ng the 
rnaonitude of the effect. These data were used to adjust the data for the filament 
3g Selt. with results as shown in Fig. 4-1 . In discussing J adj"^^^^^^^^ 
HPC staff it was agreed that this problem could be eliminated by placing 
EoSuples on-fhe outside of the vessel, an approach HPC plans ^ take for future 
tesSrvWiite this adjustment reduces the excess power from about 60 Watts as 
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indicated in Fig. 3-6b to about 40 Watts, there is still a clear indication of excess power 
production that correlates with the conditions required for excess power according to 
the HPC theory. 

The Calvet Calorimeter cell is a much smaller device than the Isothermal 
Calorimeter cell, both in terms of physical size and range of input power. However, 
when placed inside an oven, it provides for better control of operating temperature and 
a much more accurate determination of thermal power production in the cell, it also 
provides a time dependent signal, indicating the time varying charactenstics of the 
experiments, although short term variations in the reaction would not be detectable due 
to the long thermal time constant of the externally insulated thermopile. Since a 
continuous electrical output proportional to heat flow is generated by the thermopile, 
the signal can be used In conjunction with an input power signal from the power supply 
to calibrate the cell under control conditions. In the Penn State expenments. the 
filament power is produced by a highly accurate and stable constant power supply and 
the thermopile signal is zeroed out against the input power once steady state is 
reached in the absence of hydrogen. The input power is then held constant as 
hydrogen is introduced into the cell, allowing for a precise detemiination of the change 
in power production in the cell following the introduction of hydrogen. In the Penn State 
experiment in progress during the site visit, a fixed amount of hydrogen (the amount in 
thThydrogen container of Fig. 3-6) was available to the cell following opening of the 
valve to the hydrogen container. The indicated excess power slowly declined from an 
initial value of about 0.05 Watts to less than 0.01 Watts over a period of several days^ 
This characteristic was consistent with a depletion of the hydrogen in the cell dunng the 
experiment. Initial analyses of the results are indicating excess power production on 
the order of 20 times that which would be generated by the hypothetical combustion of 
the hydrogen in the test cell. While the power level in the initial Penn State experiment 
was about a factor of 10 less than the power levels observed at HPC with operation at 
about 200 milliton- hydrogen pressure, the results could be quite significant from the 
standpoint of validation of the low energy hydrogen reaction. Atmospheric pressure 
operation of a vapor phase cell may be an effective way to produce sufficient quantities 
of gas to support more definitive experiments on the detection and charadenzation of 
hydrino The vapor cell Calvet Calorimeter data being produced by HPC and Penn 
Stale provide strong support for the validity of the HPC concept, particulariy in 
combination with earlier data produced by Penn State using sintered catalyst and 
spillover catalyst Calvet Calorimeter cells. 

The Metal Hydride Cell has produced the highest power and the highest power 
density of any of the approaches to date. Measurements of cell pressure response as 
power is applied to the filament has confirmed the effectiveness of the hydnded wire as 
a source of hydrogen. This approach is an effective means for obtaining adequate 
hydrogen atom concentrations for testing and also for improving the understanding of 
the reaction process. It would not be a preferred process for general commercial 
application because of limits on the amount of hydrogen that can be stored and the 
resulting need to periodically replace metal hydride components as opposed to a 
continuous feed of hydrogen gas. and it could also exhibrt performance degradation as 
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.u . A Kx,Hrr.non ic rienleted However, it could have commercial potential in limited 
power production. 

The Tungsten Powder Cell is being developed as a n^^ans of obtaining high 
hydrogS atom Concentration throughout the reaction cell volume TT^^ tmgf n 

Srili luSed in Fig 3-8 using 2.1 cubic centimeters of tungsten povwJer and 

without electrical input to support commercial applications. 

4.2.3 Vapor Phase Cell Development Status and Issues 

UPC beaan working on the vapor phase cell concept in January, 1996. The 
vaoor DhSe SonSjls are considerably simpler in their construction and operation 
f^^£^^£eZiromc cells, providing less room .^^^^^fj* "^^^^^^ 

Pprformance of HPC vapor phase cells, based on data obtained iri the course of 

rates as a ™ ™ ^ assume a primary reaction zone within 1 or 2 mm of the 

S^ToSn'^ilsSSat^^^^^^^ --'^^^ « '^'^'^ °" 
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resulting reaction volume. This approach is of more significance with regard to the 
development potential of the concept because devices can be designed such that the 
Drimary reaction zone encompasses most or all of the reaction chamber. The third 
value is an average pov/er density based on the total volume of the test article, which is 
of less significance since it is a function of the design features of the test article rather 
than of the characteristics of the process. 



Table 4-1 Power Density Estimate Comparisons 



Cell Type 


Volume, cc 


Power, W 


Power Density. W/cc* 


Reaction Zone 


Cell 


1 mm 


2 mm 


At-Mar Lamp 


160 


2 


4 


1 


0.013 


Isothermal Calorimeter 


2500 


40 


6.4 


1.6 


0.016 


Calvet Calorimeter 


20 


0.5 


1.6 


0.4 


0.025 


Metal Hydride 


30 


120 


15 


7 


4 



The temperature is known to vary substantially within the ceP. affecting the ^P^^^^vd^-^en St^ 

lo^Rzed production on hotter surfaces and plateout on colder surfaces and the hydrogen ^om ^^^^^ 

Srondy distance from the dissociation surface (e.g.. filament) due to recombi natron to ^o^^" ^"^f^^"^'/*"® 

^Se O^er density) wiB be a strong function of location. The power t:'^^7,^^^^3'^^^^ 
L^uming a pn^ary reaction zone within 1 or 2mm from the dissoaation surface, and a relatively arbrtrary value 
assuming the entire cell volume as a reaction zone. „ , 



The progress achieved by HPC on the vapor phase cells, whi^ have only been 
under development for seven months, is remarkable and indicative of the potential for 
advancement of this concept Performance levels achieved at HPC dunng the past 
several months, if validated by the Calvet calorimetry work underway at Penn State, 
should be sufficient to provide a convincing case for excess power production. The 
primary thmst of cun-ent work at HPC is on advancing the concept toward devices that 
have commercial application potential. 

The primary technical Issues v«th regard to commerdal application of the 
HydroCatalysis process are achieving adequate power density and controllability of the 
orocess these issues are discussed below within the framevrork of the likely 
diaraderistics of the HPC process as understood from the information obtained. TTie 
HvdroCatalysis device which would produce energy and transfer heat to an energy 
conversion system working fluid or heat exchange surface is refen-ed to as the energy 
cell Supporting auxiliary systems (e.g.. hydrogen and catalyst feed systems) would 
have to be designed to support the steady state and dynamic requirements of the 
energy cell. 
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Power Density - The power density achieved in the reaction section of the 
eZZ cei^ Si d ive fhe size of the cells as a function of output power. If 
Sh ter^per^^^^^^ is required, the material costs per unit volume of 

Thf energy cell may be considerable. The cost of fuel storage handhng and 
combustion equipment plus emission control systems of a fossil fueled 
SSem wolX replaced with the cost of hydrogen production or storage 
JSSms plus the energy cell and supporting auxiliaries. The low to negligible 
S c^stf S the HydroCatalysis concept will support a premium in c^prtal 
Sts v^ile remaining economically competitive. b'^.^S^^^^^^^i^J^ted 
o^Minn nower densitv will be a key factor in economic viability. As illustratea 
fn ?Se'?T he SoKensity obtained in cells operated to date is not well 
J^iS because the spatial distribution of the reaction rale is not wel 
SaSterized. From the overall data, power density in the range of 1 o 10 
appSrs to have been achieved. Ideally, power densities in he range 
SSen energy systems (e.g.. light water reactors combustion 

nes) on the order of 100 W/cc (see following section) would be 
deSle bit e?S^^^ viability could probably be achieved at lower power 
deSs HPC projects a theoretical upper limit of power dens'ty of 55.000 
W/S we I beyond what is necessary or practically ^able TTie 

meaiSof achieving them. The results to date are encouraging, given the 

«me^nd resources expended on the vapor phase cell «=on~P'. 
Sderable work remains before a preferred cell design can be established 
^d^he needrS in the interim, power density will remain a 

significant uncertainty. 

» Controllability - The following discussion is based on an electee seneration 
aJpSon. siJnilar considerations would apply to heal or motive power 
applications. 

Startup - The first aspect of controllabilily to consider is starting a system 
aS achieving a stable initial operating mode for f^er operation. As 
SSenui env^ioned. the energy cell reaction zone would haveto be 
St to an elevated temperature and the reaction process |^uld be . 
initiated and stabilized at a minimum self sustaining level by he 
SSuction and conUoI of hydrogen and catalyst atom densrties J^s 
Sd have to be achieved by the energy eel ~°^f "j^^^ ^^^^^^ 
ooeration of the power conversion equipment, since some degree ol neai 
Sal from the energy cell will be required at minimum power to 
establish a 'stable operating temperature. 
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- Power Operation - Power operation would require the ability to achieve 
and maintain stable operation at any power level in the operating range, 
and b increase or decrease energy cell output power level v^rith response 
characteristics as required by the energy conversion system for a range 
of normal operation and transient conditions (e.g.. step load changes, 
component failures). 

- Shutdown - Shutdown would include a range of conditions from slow 
decreases in power level to unit trips. The characteristics and 
requirements of the energy cell and supporting auxiliaries for decreasing 
or terminating power generation and cooling down would have to be _ 
integrated with the corresponding charactenstics and requirements of the 
power conversion equipment. 

If the energy cell is required to operate at high temperatures with ceramic 
components (e.g.. themal insulation), controlling cyclical themial s resses to 
Spport an adequate design life may be a primary requirement dnving system 
design. The dynamic response of the HydroCatalysis reaction and the 
thermal response of the energy cell will need to be well characterized to 
support modeling for control system design and system operation. 

4.3 Applications and Projected Products 

A systematic technology and mari<et development process is needed Jo evolve 
HvdroCatalvsis technology to commercial practice. Such a process matches 
teSSy aS^^^^^ opportunities to identify target "^f^l.^^J^l'^'^'^ 

technology, as well as with chances for early market penetration. A l^nef sufvey of 
enVrgy industry applications was conducted to gain an initial impression of the market 
profile. 

in a broad sense. HydroCatalysis offers a new fuel option to the energy industiy 
Its market acceptance will be enhanced if it can be utilized without a "'ajor re-toding of 
DOwer oeneration equipment Ideally, the HydroCatalysis reactor (or a secondary heat 
S?Sr>S.ldVwithin the envelop currently required for the heatgeneraUon and 
Ser funrtion. For example, a gas turbine combustor is J« f°"«2^r fJr^^ 
fuel/air mixture is ignited and combusted before expansion through the power turbme. 
A SnSal K oCatalysis reactor application is to replace the fuel combustor fund on. 
^^sS envelope foMhe combustor. expressed as power density, J^n^^^J^f' 
gal turbines is estimated to be in the range of 50 to 150 kilowatts per "»er. A^ a^^he 
point of comparison, the power density of a boiling water [^artor (ratio <rf reader 
to the volume of material inside the fuel dadding) was '^^^^^^^^^°J^J^.^^^.^ 
kilowatts per liter. On this basis, a HydroCatalysis reador powe density in the vicinity 
S tS wSatts per liter is desirable, although a fador of 2 or so in either diredion is 
probably acceptable. 
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Based on currently perceived HydroCalalysis reactor attributes a likely in.tiai 
target application is to replace the fuel combustorfor powering gas. turbines. For the 
oast several years, gas turbine technology has been the focus of government and 
industry sponsored efforts to reduce pollutants and improve the -^"'If ^^jon of co J an^^^ 
natural gas. In addition, several innovative small turbine concepts have recently been 
introduced in an anticipation of a new market in distributed generation assets. The 
merits of this application include: 

Gas turbines comprise over half of new generation sales and are proliferating 
rapidly in the global market. 

In the current cost and environmentally sensitive market, gas turbine con^pls 
provide the lowest capital costs, and thermal efficiencies approaching 60 ^ in 
combined cycle applications. 

The relative sophistication and temperature regime of advanced turbine systems 
appear to be compatible with the HydroCatalysis reactor interface, i.e., high 
temperature (in the vicinity of 1400''C) heat exchanger technology. 
. Sizable markets exist for units in the range of a few hundred kW to ajew MW, _ 
Te units sufficiently large to realize credits for pollution control advantages and 
to "economically support auxiliary systems (e.g., hydrogen seneration reactor 
preheat and vacuum systems), yet within the range of a practical multiple unit 
beta testing program. 

General Electric. Westinghouse. Allison Engine, and Ca'«nj»'t^\S°lar Tu*^^^^^^ 
are all participants in separate DOE cost-shared {25•^) advanced turbine developmert 
oroiects for natural gas-fired systems. In addition. Hague International is participating 
ranfnnSaTveS^^cept called an "indirectly fired cycle" for ^^-^^'^ 
em Joys a ceramic heat exchanger to protect the turbine from combusbon gases. Such 
heat exchanger technology may be relevant to the HydroCatalysis reartor interface 
£gue SSucting a 2-megawatt industrial-scale facility for testing the ceramic heat 
eXnger. Results will form the basis for a Clean Coal Technology project at 
Pennsylvania Electric Compan/s Warren Station. 

Tviro other recent innovations in gas turbine technology are the Capstone 
Turbogenerator and the Solar Turbines' T-300 Gas Turl>ine Generator Set Bott, are 
relXely efficient (30 and 40%). small (24 and 300 kWe). high speed (96 000 and 
?7 000 mm respectively) that employ directly coupled pemianent magnet generator 
and statS-Se-art elertronic pov^er conversion technology. These attributes provide 
:;i;«S!y cJmSact machines, well suited to the f ^ributedgeneraU^^^^^^^ 
market Their somewhat lower turbine inlet temperatures (-800°C) may offer a less 
SSSiiiS initial interface requirement for incorporation of a HydroCatalysis reactor. 

Stiriing engine applications were also briefly reviewed and several innovative 
concept may eventually be enabled by successful development of the HydroCatalysis 
reaSo? For example, the Stirling Technology Company (STC) has produced a 350 
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watt prototype device labeled the RG-350 RemoteGen™ and is developing 1 and 3 
kWe devices Their target market is remote telecommunications installations, off-grid 
Sles and cogeneration applications. The reference d^^^^iTJlc'or 12 VDc" 
Stirling engine with a linear alternator to continuously supply 120 VAC or 12 VDC 
power STC claims a 60.000-hour maintenance free life for !he-r ma<rfi.nes and have 
Smpleted 23.000 hours of endurance testing on small functions P^°t°»yP^J. ^'^^^^^^^ 
Svanced energy storage or HydroCatalysis may someday enable such devices to be 
used in broad applications independent of a utility gnd, such as in developing 
Smtlies. they are relatively inefTicient (-20%) and markets are not yet developed. 

Of course, a wide spectrum of other potential applications exists and range from 
the Rankine cycle for electricity generation to the direct use of heat, and it is quite 
possible Sat farther investigation will reveal premium niche «PP'«^»'°"!,;°';„^SLn.«s 
HydroCatalysis is ideally qualified. Given its potential to bring aboirt profound changes 
in the energy industry, a market for very early consideration is •functional 
demonstration units". Small units that can be used to display elementap^ heat 
generaSn from the HydroCatalysis process will be of -t-est to indust^^^^^^^^^ 
developers. A potential use of such devices is to acquaint the OEMs of ndustrmi 
equipment with HydroCatalysis technology so that they can develop strategies for ^ 
adaptS^g product lines as a prelude to licensing agreements. Such devices may be in 
the £e range of a few watts, need not be prototypic of a commercial product, and have 
rninimal reliability and equipment interface requirements. They will cof^imand a 
^ubstarltial price premium, and the interactions with OEMs can be a source of early 
feedback to the HydroCatalysis reactor development program. 

It is recommended that the HydroCatalysis development program Prt^^d from 
the outset with the means to acquire and assimilate market 'nformation. Jnjddrtion to 
Sentifying target markets to guide technical work and niche markets as a source of 
Lariyrevlnue streams, knowledge of end-user needs relevant to P^°«/^^ 
O&M is an essential aspect of defining technical design requirements and establishing 
cost/price targets. 

4.4 Economics and Environmental Considerations 

At a conceptual level, a process vt^ich obtains many times more energy per unit 
volume from water than is available from oil would be expectedlo have a m?jor 
economic advantage over existing energy sources. Likewise, the absence of 
STuS produas or other typical waste byproducts would be ej,e^^ o represent 
a major environmental advantage. These prospects are addressed bnefly in the 
following subsections. 

4.4.1 Economics 

The ability to extract considerably larger amounts of energy from hydrogen via 
the HPC process relative to conventional chemical processes is fundamental to the 
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economics. By illustration, assuming an average energy re ease of 100 ^^^^^ 
per hydrogen atom, the energy content of a standard cubic foot °f hydrogen would be 
about 23,000 Btu/ft», in comparison with hydrogen energy con ent from the 
combustion process of about 340 Btu/fe. As another "mpanson the net energy 
content of water would be about 30 times the energy content of 9aso hne^ Thus 
me fuel «.sts for this concept would not contribute significantly to electricity generation 
c!rstr>S wSLid be determined by capital and operation and maintenance costs. 

In their Business Summary (Ref. 7. pg. 55). HPC provided the following data on 
comparative electricity generation costs: 



Table 4-2 HPC Comparative Cost Projections 


Energy Source 


Cost (^t/kWh) 


Coal 


4-5 


Natural Gas 


4-5 


Oil 


4-6 


Nuclear 


5-6 


Hydroelectric 


4-7 


HydroCatalysis 


<1 



EPRI was cited as the source of the cost of competing energy sources n°t'n9 ?^at ^ 
^^eSiates did not include externalities. For the purposes of this study a detf^^d 
Sew Tthese a^^^ was not conducted; however, levelized life-cycle cost data from a 
eSEnSgy lnfon.ation Administration paper (Ref. S^j^^^^.^^.^^^^^^^^^^^^ 
cost comparison Only coal and natural gas were considered in the «""Pf 
Se op«ons?epreseJt the dominant fuel forms of new ^e^^^^^^^fl^^^"^^ 
for the near future Using the projections of levelized cost for the year 2000 mi asw 
dollars fJr a Soacilyfa^^^^ range of 60-100% and regional variations, the ranges 
sS^ i^TabTe'SUr^Seveloped for coal and gas fired generation with Jjel costs of 
about $1 25/MMBtu for steam coal and $2.20/MMBtu for natural gas. For the 
SySroCaiali^s process, a combined cycle gas turbine configuration assu-^d. 
SSistent with me discussion in Section 4.3. with allowances for parasitic osses 
SSted^S, efectrolytic hydrogen generation (-5% of g^^s generation) and a 
reduSic!^ in cyde efficiency (due to reaction chamber matena^ emperature limits) 
relative to a combustion turbine. These results are also '^^^ J^^^^^J^^- '^^^ 
practice, steam methane refomiing may be a more ^conornic means of pr^duangm^^ 
hydrogen (Ref. 38) than the eletlrolysis process assumed above, but the difference in 
cost vrould not significantly affect the above results. 
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Table 4-3 Revised Comparative Cost Projections 

(Year 2000 Levelized Cost, 1994 $) 


Energy Source 


Cost {i/k\Nh) 


Coal 


4-5.5 


Natural Gas 


3-4 


HydroCatalysIs 


1.5.2 



In summary, while the cost advantage for the HPC process is likely to be less 
than projected by HPC. it is still substantial. Given the current total world electriaty 
consSmSn. approaching 10" kWh/year (Ref. 39). a projected market share of 33%. 
an3 a Srential cost advantage of 2#/kWh. a total of $66 Billion/year 's obtained 
This is considered to represent a reasonable projection of the poterrtial value of the 
worldwide application of the HPC concept to the electriral sector. The preoeding 
rSs does not consider the cost advantage of the HPC concept ^^^^sociated v^^ 
externalities such as the environmental considerations discussed the fdlowing 
;Son. Policy development efforts to quantify and assess the costs f these 
eSnalities are continuing (Ref. 40). and could result in an additional cost advantage 
approaching the 2^/kWh noted above. 

4.4.2 Environmental Considerations 

The quantities of water consumption, and oxygen and hydrino production for a 
1000 MWe HydroCatalysis based multi unit combined cycle gas turbine plant were 
estimated with assumptions and results as shovm in Table 4-3 below. 



Table 4^4 HPC CCGT Plant Characterization 


Description 


Value 


Plant Capacity 


1000 MWe 


Net Thermal Efficiency 


45% 


Ha Energy Release. Avg 


100ev/H atom 


Water Consumption 


47.500 gallons/day 


Oxygen Production 


176 tons/day 



The above values are based on multiple fractional quantum state hydrogen ^ans'tions 
taking place in the reactor such that on average 100 ev of ene^y is ^leased per ^ 
hydrogen atom produced for fuel. The actual average amount of energy Per hydrogen 
atom is not known at present, since it is a function of the degree of collapse before the 
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reaction is terminated by the formation of a dihydrino molecule. The d.sproport onation 
r^Sa^iim ciuld drive \he reaction to lower levels of collapse, and mudi larger energy 
^eSseT H^^gen production by electrolysis with an 80•^ efTiaency of energy usage 
s Assumed with 5"/. of the gross generation being used In the e lectrolysis process, 
^e neUhei efficiency of 45% includes this 5% loss, along with an allowance for a 
l^^^lm^S fo^ the gas turbine relative to the best combined cycle units be.ng 
So^d todaj becausi the temperatures are assumed to Jower than c^rnbus^^^^ 
uSine temperatures due to the need for a heat exchange surface between the HPC 
reaction gas and the air. 

The environmental factors associated with coal-fired gas-fired, and projected 
HydroCatalysis based generation are compared in Table 4^ below. 



Table 4-5 Electricity Generation Environmental Release Comparison 



Fuel Production Fuel Transportation Generation 



Coal 


NO„ co^ so,, 

particulates, 

hydrocarbons 


NO., CO,. SO,. 

particulates, 

hydrocarbons 


Natural Gas 


hydrocart)ons 


NO,.CO„ 
hydrocarbons 


HydroCataiysis 


oxygen 





NO„ CO,, SO,. 

particulates, 

hydrocarbons 

I NO„CO,. 
hy drocarbons; 

NO,, hydrino 



The shaded columns of the above table are intended to indicate the degree of 
sSSS of the release, with darker shading indicating greater signrficar.ce. The 
SasS Sm the coal and natural gas fueled generation noted are generally 
undeSood and will not be discussed further here. The HPC gas^N requ^^^^ 
Sydrogen as a fuel, resulting in the release of oxygen during *e produrtion of 
nyoiuycii , . o^ynen is current y a marketable commodity, however, 

?y HydrocS^^^^^ would be expected to greatly exceed demand, resu ^^'ease to 
Sne environmert. The release of oxygen could be a ne "^^^^^ 

SS^ma^^eSalJ^^^^^^^^^^ 

the aSve table, the effluents from the HydroCatalysis pracess ^Id be 
muS. JSs detrimental to the environment than the primary existing options for power 
generation. 

Despite the apparently benign characteristics of the HPC process, it is 
conceivable that some opposition could arise due to the pemianent consumption of 
SS^^KFoductioncrfhydrogen. An estimate was made of the water consumfrt.«i 
Surr^rng^the HPC process was producing 33% of the current total worid electncty 
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consumption with operating parameters consistent with ^^ble Th, ^^^^^ 
annual v^ter consumption of 6.6x1 0' gallons of water consumed per year. While this 
Appears to be a significant quantity, it would take 370.000 years at this rate to 
consume an inch of water from the oceans. 

5.0 Telephone Interviews and Site Visits 

A number of telephone interviews and site visits were conducted in the course of 
this asfeSsment The perspectives and information gained through these discussions 
are reflected ?n the infomiation and assessment provided in the earlier sections. The 
rndivfduals ar!3 organizations contacted and the information obtained is summarized in 
the following sections. 

5.1 Telephone Interviews 

Teleohone interviews are grouped in the following areas: (1 ) General 
B^ci^gJ^TSy^^^^r^ Hydrino Validation, and (3) Excess Power Evidence. The 
interviews are summarized in the following subsections. 

5.1.1 General Background 

. Tom Passell. EPRI (Ref. 41) : As f^anager. Deuterated Metals Research 
Program. Passell has managed EPRI research involving 
oUier related areas. Passell noted that EPRI had spent about $10 million in 
cold fusion related research, and has confimied that ex^ss heat |s preset 
in some cases, but hasn't confirmed the source of the heat EPRI s prirnao^ 
contractor, SRI. has not seen any positive results from light but thev 
had not expected to see anything so they have not done much in that area. 
Sssell Sd^sited HPC and Thermacore (where an HPC^ll was operating) 
in 1992 and felt there were considerable uncertainties in the cell 
S^nSatton they were operating at the time. EPRI had funded an attempt to 
SpSe the I^ills' procesTat AECL's Chalk River Laboratones. wh^^s 
unsuccessful in demonstrating excess energy in fas^^M's view He noted 
that HPC and Chalk River were involved in litigation regarding the content 
and distribution of the final report Overall. Passell felt there remanis a 
possibility that the HPC process is generating excess energy. bi^e)j.ressed 
reservations about HPC's strong convictions regarding the validity of the 
theory which he felt could be affecting the interpretation of their data. The 
EPRI orogram budget for 1 996 is $200 K. including Passell s labor and 
fSe?(Passell is now working half time), leaving about $100 K for outside 
vrark. Their current focus is on identification of nuclear speaes from ce I 
electrodes using neutron activation analysis, assuming some, sort o^^^^^^ 
reaction is responsible for the excess heat. Passell noted that Ernest Criddle 
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Of Ottawa University had been studying the HPC cell and would be a good 
source of additional information. 

Ernest E. Criddle. formerly Ottawa University (Ref. 42) - As noted above. 
Dr Criddle was recommended as a reference by Tom Passeil of EP^'; 
Dr Criddle has retired from Ottawa University, but has maintained an interest 
and involvement in HPC type electrolytic cells through his work with ESCO 
Smy Inc a spinoff of the university. He noted that he believes something 
fs going on 'with me cells, but he hasn't been able to figure it out and has 
had trouble getting repeatability. He also noted that he was visited several 
5£rs ago by Randy Mills and Bill Good of HPC. and that they have 
techniques about preparing and filling the cell which are critical to 

pertoTance. and are not related to "textbook chemistry-. He was unaware 
S HPC is now focusing on a gas cell, but said he .s conviriced Jat a gas 
cell is the way to go with the process, because it eliminates the chemical 
complexities of the electrolysis process in the liquid cell. 
George H. East, Stone & Webster Engineering Corp. (Ref. 43) -Dr^ East's 
name was provided by I^ills as a reference for current interactions be^veen 
HPC anS sWEC. He said SWEC involvement began last fall with a visit to 
SWEC by fvlills. followed by a SWEC visit to HPC. He sauJ they have 
exeSted a confidentiality agreement with HPC. but that their work was on a 
Sevel. Sng reviewed published papers and documentation ol^ ained 
from HPC but not having seen HPC's recent gas cells or audited their 
peJoSnantS and having' limited knowledge of the details. They have been 
Sing with HPC on an unfunded basis to provide support regarding boiler 
options and energy conversion equipment At this point SWEC s 
interested in the concept, but are not sure how it's going to 90. noting that the 
theory is controversial and that they would like to see more independent 
confirming results. 

, Dick Mullk. Westinghouse (Ref. 44) - Dr. Mulik is J9 f.^ .„ 

assessment of HPC for the Westinghouse Science & Technology Center 
(STC) Mulik noted that Westinghouse "has been putting in some real 
money- into a program at STC this year, which is intended to reach a 
definite conclusion regarding the HPC theory and tow f'^^l^J^y'l'^^: 
Westinghouse has been dealing with HPC on and off for thefst several 
years, having done an in-house experiment f^«' y««72'° ^SlTs 
considered to be inconclusive. No expenmental work related to HPC is 
S^ently being performed within Westinghouse but the current assessm^^ 
is looking at twtii the theoretical and experimental aspects of HPC s work. 
SSSted tSSt if they find the theory to be incorrect, they're going to have to 
come Z with some oLr explanation for the experimerital results (implying a 
conviction that something unusual is occurring). He said i would be 
premature to make any comment regarding Westinghouse's view of the 
technology at this point. 
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Mulik. along with Art Beyers of Westinghouse STC and Rex Ramsier of 
West nghouse Bettis Atomic Power Laboratory >'i^'!fd Pf S a ^ °n 
same day as the Ti visit (addressed in Section 5^^3). Mul.k slated that timers 
fs high level interest at Westinghouse, and that STC has until the end of the 
yearTo reach a definitive position regarding the HPC P^°^^;^^^f;^^^J^'^ 
that the head of Naval Reactors had received a letter regarding the HPC 
process, which was the basis for Ramsier-s participation in the revew^ 
noted that he had attended a seminar at STC given by Mills 'n 1994. and that 
Ws trip report had raised some interest at Bettis at the time and caused him 
to be identified with the subject. All of the Westinghouse ^viewers were 
skeptical of the Mills theory and unconvinced of the existence of hydnno from 
their review of the data. They were interested in measuring the thermal 
cindS of the off-gas from a cell, expecting that hydrino would have 
Wgher the^nal conductivity than hydrogen. They interid to work wrth Mills 
and Phillips of Penn State to plan and conduct thennal conductivity 
measurements (Mills had earlier expressed skeptidsm that th'^^approadi will 
be successful because of the quantities of hydrino gas required). PhH^^ps 
agreed to collaborate with Westinghouse on performing the measurements, 
with the understanding that the work would be done in close collaboration 
with HPC. 

5.1.2 Theory and Hydrino Validation 

• Stewart Kurtz, Pennsylvania State University (Ref. 45) - Dr. I<urtz is 
ProSssor of Bectrical Engineering and Vice Chair of the Matenals Research 
institute at Penn State. He has an industrial research background hav«^g 
wlri^ed at Bell Laboratories for 10 years, served as Director of Research at 
PhUips Electronics, and as VP, Engineering at Bristol Meyers before joining 
the alul^ at Penn State. He became involved with the HPC concept about 
fve yeaKo vieS he met with Mills in Lancaster, PA as Assistant Dir^or 
o?the Materials Research Institute. He has been working to "nde^stend^d 
Siallenge Mills' theoretical work since that time. He has involved a number 
of physicists in his review of the theory, and each of them have raised 
obfedions which have been addressed by further developrnent of t^^^^^ 
These challenges have resulted in substantial gro«^h in M^'^ book from the 
earlier versions to the current version. He also contacted H. A. Haus of MIT, 
So developed much of the mathematical fomialism underlying Mills' theory 
rRef A6) and requested that he review the theory. Haus said the 
!nathema«« i^e correct, but he could not supPOrt «ie physic^ be ju^e it is 
not adequately supported by data. At this point. Kurtz Relieves HPC has 
demonsUated excess heat with reproducibility, and they need to develop 
more data regarding the presence of hydrino to provide complete 
SSrmation He his been talking with Mills and Jonathan PMUps about 
Sperimental procedures that could provide sufficient proof of the existence 
of hydrino. 
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Kurtz also said that he had followed the Thermacore involvement >Mth^^ in 
me development of the concept. He had high regard for Yale Eastman, the 
founder of Thermacore, and for his company, noting that Eastman had 
r?ed several hundred thousand dollars in independent corjfijrnat.on of the 
Lxiss heat and development of potential commercial ^PP^^ '°"f^ ... ^ 
Thermacore had demonstrated excess heat, but were unable to identify a 
commercial application for the devices they were working on. 

• Barry Turner. National Radio Astronomy Observatoiy (Ref. 47) - Dr 
T JS^r has been working with HPC regarding the potential for confirmation of 
thipyistence of hvdrino via astrophysical data. He has been working with 
HPC on Sie^eSmen'of a proposal to search for evidence of hydrino 

an^TRAo tdKles^^^^ (Ref. 48). Turner said that Mi s has a case 
for tooWnSerfor astrophysical evidence, but not a compelhng one. He 
saiXat someof the spectral lines have been flat out misidentified in 

HpS doSments"^ but there are enough 
fnfo est A search of the type being proposed is very d'^cult because the 

Z SarS^tl Shed new light because they can', calculate "je ene^^^^^of 
Lnrinr. hvoerfine solitting accurately. In addition, the kind of gas that wouia 
SSteSSs c^?^^^^^^^ hydrino'would also 
A^hough the recombination lines could be calculated preasely^^^^^^^^ 
fake uD about 15% of the spectmm in the region of interest (-29 pHz) ana 
would reqi^re extensive calculations to assure that lines that mjght be 
asSd to hydrino were not recombination lines. A failure ^ J^f, 
eSfeni of hydrino by the experiment would not be ve|y significant because 
»^uld be ven^ difficJt to obtain a strong positive result. However, the 
fa^e of spSm being considered has "ever been sealed, and given the 
imF«.rtance of a positive outcome, he thinks it should be done. 

Turner said that an earlier proposal (Ref. 48) based °n part on *e HPC 
interoretation of the Labov and Bowyer paper (Ref. 21) had not Deen 
suSsS review of the proposal, the referees had focused on the 

S^SSs^s nterprelation of the Labov and Bowyer data, and concluded that 
Se^rSnanSeVtationof the data by ^^^^ 

his review of the communications and the paper. Turner said he agrees wixn 
Se Tei^S and believes that a revised proposal with fewer hnes ated 
Suld Save a better chance. He noted that diffuse X^ay spectros»p^^^^ not 
an easv thing to do. and he would not be surpnsed if not all of ttie 'iries 
eJpeSom hydr no transitions are present He hopes to get addrtional 
sSoortfrom Mills in the font, of calculation of hydrino collision probabilities 
Is'^Spi to pr^^^^^^^ of a revised proposal in August fortelescope ime 
dS^e Sming winter. He noted that the telescope to be used will be shut 
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down after one more year, so this would be the last chance at conducting the 
experiment as proposed. 

. Reinhart Engelmann. Oregon Graduate Institute of Sci«"" * 

Technology (OGI) (Ref. 49) - Dr. Engelmann is a member of the faculty of 
the Department of Electrical Engineering and Applied Phys.cs at OGI. 
Srentfy on a leave of absence He received a degree in Nuclear Phys.cs 
freSe Technical University in Munich. Germany in 1 96 . and h.s current 
research interests include modeling and design of/ol'd;^*^*® p!'°'°""^ 
devices: quantum well lasers and optical waveguides. En9fl manp 
documented a review of Mills' second book, I lnifirat.f>n of ^pace img . thP 
^!^/M.H.r «nHFnerov (Ref. 50). and has been ^o'L^-.^S M-HJ P^ogress 
[or several years (he is a rnember of the HPC Science Advisory Board _ 
Engelmann's perception is that Mills works on a highly intuitive scate, then 
oSShe has an intuitive picture, he tries to wrap it into a mathematical 
description. 

Engelmann said he has a very strong feeling that Mills has proper ideas 
oSarly regarding the low energy fomns of hydrogen. However, he is not 
SSely in Agreement with everything that Mills had done in developing 
me C'fram a mathemalic point of view. He said one of the prob'ems 
that Mills presents information in a forni physicists are riot used to. and that 
alSouQh he has worked closely with Mills, he cannot follow everything. He 
bSs there irsLe inconsistencies in the theoretical framework, noting 
tr?Smen the Dirac 6 function in spherical coordinates, and conclusions 
regS the Heisenberg Uncertainty Principle as examples of ^.s <^"c«ms. 
He f^ls that what is needed is for others to become interested and begin 
vSriSng onTt. and believes that the best way to make that happen is to 
Sn^ an Energy generation device and e'^P^^'^ I*)!. 
supporting the thiory. He noted that he had visited ^ at »HFC 'n ear^ 
1996and again in April. 1996. and was very impressed with what had been 
accomplished in advancing the cells during that penod. 

5.1.3 Excess Power Evidence 

• Michael G. Jacox. INEL (Ref. 51 ) - Michael Jacox ^^^^ identified in a list ^ 
references provided by HPC in injunction with wo* dc^e at INEL in 19^^^ 
with regard to independent confimnation of excess heat frorn an HPC cell. He 
Sacted as an audit check on the list of references. Jacox was located 
r-?lSque%ue. where he is currently on assignment with the Air Forc« on an 
unrelated projed. He was surprised that 1 was asking him about the resulte 
Shis S that the paper describing the results was never approved for 
S lisfby I^Ermana Jement. However, he said he stands by the resuHs of 
the wortc and believes that he did get positive results regarding the release 
of excess heat in the cell. 
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. Bob Shaubach, formeriy Thermacore (Ref. 52) - Shaubach 'f Thermacore 
in 1995 having worked on the HPC theory and technology since 1992. On of 
the first'experiments performed by Thermacore was the opera ion of an 
electrolytic cell obtained from HPC that was reported by HPC to have 
oroduced 50 watts of excess power. Thermacore did observe 50 watts of 
eiSss power from the cell. In one case with only 5 watts of input power in a 
pulsed mode. Shaubach was also involved in the conduct of expenments 
using hydrogen permeation through nickel tubing and nickel powder 
pSed Sth hydrogen. All the experiments demonstrated excess P^^^^^^ 
but did not provide a basis for a commercial application. Shaubach has not 
kept up with the evolution of the HPC cells, so was unaware of recent 
developments. 

. Nelson Gernert. Thermacore (Ref. 53) -Gernert was the projedeng^^ 
on the experiments conducted by Themiacore relative to Mills j^eoo'. He 
noted that they had conducted experiments with electrolytic ce is. hydrogen 
diffusion through nickel tubing, and hydrogen permeated "^^tal powder and 
mev saw excess power in all cases. He said they didn't see anything that 
would be inconsistent with Mills' theory, and he is convinced that they were 
seeing excess power. However, after several years of trying different 
approaches, they were unable to get the power density up to a level which 
would be sufficient for commercial applications. Thermacore is (xirrenUy _ 
putting a high priority on developing volume manufacturing <^fb.l.ty for heat 
ptoe woling devices for laptop computers, and hasn't been actively pursu^g 
the HPC concept for several months. Some of their cells have been loaned 
S HPC foMnterim use. Thennacore expects to get the cells back, and woLjd 
be interested in taking another look if HPC makes progress on increasing the 
power density. 

5.2 Site Visits 

5.2.1 HydroCatalysis Power Corporation 

A visit to the HydroCatalysis Power Corporation offices was conducted ori 
June 17-1 8 1996. Prior to the visit. Technology Insights executed a wnfidentidity 
aoreement w-thHPC to allow access to recent data and internal HPC documents 
SS^ Of tKsit >^s spent in discussions with Mills regarding ^^^^^^^^^ 
Shefrconcept and the experimental evidence for excess heat and hydnno. These 
SsLStons'served to strengthen Ti's understanding of ^ese l^^^^^^^^^L^'f^^^ 
in the respective sections of this report. A tour of the laboratory area of the HPC 
offiSs Xronducted by Bill Good, and included operating cells represent ng the most 
?SS <S"ooncepi A particularly striking element of the current eel s is their 
ScS a^ndSed by the relatively small number of connections ^ubing. instrument 
aiS pSMeads) to the cells and by drawings of the cell internals. This charactensUc 
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Should be Of Significant value both in demonstrating the validity of the concept and in 
translating the concept into practical applications. 

HPC v/as visited again on July 2-3, 1996 in conjunction with ^ n^ejjns t° 
riificuss the results of Tl's initial review and arrive at an agreement for a standstill 
oSorforfurthe d °e di igence review and venture development. Prior to the meeUng. 
l^heSrSn teTpi being conducted.in the HPC lab ^as reviewed >^nthm^ 

Good and data produced by recent vapor cell expenmen s were ' 
SsSlts of a Tl review of these data was discussed with Bi I Good at HPC on July 17. 

this report. 
5.2.2 NovaTech 

NovaTech is a small (currently 7 professional ernployees) engineering and 
technicaUervices company located in Lynchburg ^irg.n.a. and made up pr.^^^^^ of 

Babcock & Wilcox engineers. NovaTech has been identified by HPC as a 
Sal entering to provide design, fabrication and testing services for the 

H?C 4>n^S.t. NovaTech representatives at the meeting ^1^^^^^^^^^^°^' 
President- Lew Walton, Director of Business Development; and Barry Miller. 

S^a so have fabrication and testing experience with de>^s at tempera^^^^^ 
with system complexities that would envelope the anticipated HPC cell development 

NovaTech has had interactions with HPC 9°i"9 SfcJ^f.^'^^^^^^^^^ ^ 
coed understanding of the concept and Ks pnmary charactenstics is^j "^^^^ 

STorl^^n^st^ m^^^ have suspended furtherworkto address other 
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commitments. (Subsequent telephone discussions with NovaTech personnel indicated 
SSey may have seen a small (-1.5% of input power) ^-^rK^^n'^'^n^^SHPC 
experiment conducted in early July.) NovaTech recently submitted a Proposal to HPC 
to destan fabricate and operate a vapor cell which could provide for a systematic and 
Sntro led variation in key parameters (e.g.. temperature, hydrogen pressure, catalyst 
^e sJ eV They expressed reservations about the validity of Mills' theoo;. particularly 
with regard to modeling of the universe. However, they ^re confident the excess 
Jower has been produced in HPC cells, and are motivated to participate in the 
development of the concept. 

5.2.3 Pennsylvania State University 

Dr Jonathan Phillips of the Penn State Chemical Engineering Departnnent has 
been conducting SloSry experiments on HPC cells inilizing a catalyst and flo^Mng 
hydroSn. Tl met with Dr. Phillips on July 15-16. 1996. ,^ 
WestiSghouse were also visiting Dr. Phillips' latxon July 16. 

tour and subsequent discussions. The Westinghouse P^rtf-Pants f^d their 'ntended 
future actions are discussed in Section 5.1 in the context of an earlier phone 
conversation with Dick Mulik of Westinghouse. 

Phillips has been developing and working with precision ^j^f.^'^^pZ^s^is 
developing ^talytic processes for the past four years.n areas unrelated to HPC. and^s 
increasinalv recoqnized as an authority in the field. His work with the HPC cells utilizes 
Z^^^e^^r^\o^^i^rs capable of accurately -^-^^^ 9 ^^^^^^^^ 
ess than 0 01 watt relative to an established baseline. He has filed declarations in 
l^ort of HPC pat^^^^^ based on early work with HPC ^f^^f^^^^J;^^'^^ 
from spillover catalyst cells designed and fabricated '".ccl'^t^ration with HPC ar^^ 
operated by Phillips demonstrated energy releases well in excess of known chemical 
processes (Ref. 15). 

Dr Phillips is well qualified for performing work on the HPC cells directed to«^rd 
identifySg and Quantifying excess power generation, has a s^ong pjson^^^^^^ 
in the technology, and has contributed significant amounts of time f nd diswetionan^ 
esourSs to studying cell performance. However, he has taken a low key approach to 
woSSriiS HPC SgW (Sthe negative environment v«thin the 
s^dunding any wori< which could be perceived as ;cdd fusion' ^^l^ f • ^ br^ tour of 
the Chemi^l Engineering Laboratory and ^^^iew of other expenment^ 
by Phillips and supported graduate students was confirming of positive impressions 
regarding his capabilities gained from initial discussions. 

Testina of the HPC vapor cell concept is at the very early stages, haying begun 
in mid 1 996^e fi^st test was underway during the site visit, with initial results 
SdSin^excS pZr^s being, produced. In a phone conversation subsequent to 
Se Sit Phillips said that their initial analysis indicated total energy generation irittie 
cSl equivalent to about 20 times that which would result from combustion of hydrogen 
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Qiven the hypothetical presence of oxygen (confirmed by Tl based on observations 
made during the visit). This first lest was operated at near atmospheric pressure far 
above the approximately 1 torr (1/760th of an atmosphere) of primary interest to HPC. 
While this was the result of a miscommunication between Phillips and the graduate 
student conducting the work. Phillips noted that he likes to approach the early ains in 
an experiment in a somewhat random fashion because the results aren't always as 
exoected, and information can be gained by not focusing the testing too early. 
Ooerating the cell at near atmospheric pressure has produced results which indicate 
enerav generation at a level detectable by the highly sensitive calorimeter developed 
bv Phillips While these results may not be very useful in the optimization of an energy 
oroduction device, they may point to a means of efficiently producing hydrino gas 
oredominately composed of n=V, atoms. This may significantly accelerate the process 
of obtaining results which will support the broad acceptance of the existence of low 
energy hydrogen. 

5.2.4 Lehigh University 

Dr Albert Miller of the Zettlemoyer Center for Surface Studies at Lehigh 
University has been conducting X-ray Photoelectron Scattering (XPS) measurements 
on nickel cathodes from electrolysis cells provided by HPC. and a «5*°"fathode from 
a cell operated at Lehigh. As noted earlier, the XPS data are considered by HPC to be 
fm^rtant evidence of the existence of hydrino. Miller discussed the difficulty of using 
XPS for identification of hydrogen or any material similar to hydrogen berause of the 
small cross section for photon interaction (on a normalized scale where the cross 
JS on of carbon is 1 .0. the cross section of hydrogen is 0.0002). Assuming hydnno 
has a cross section similar to or less than hydrogen, substantial quantities would be 
reauired to obtain a signal, and very small fractional quantities of impunties. or 
secondary peaks from other materials present (i.e.. potassium), could produce a signal 
which would mask or be mistaken for hydrino. HPC maintains that iron is the pnmary 
impurity which could produce a peak in the region of 55 ev. where a hydnno peak 
would be expected, and since iron has been shown not to be present by other means 
fTOF-SIMsTthe observed peaks are assigned to hydrino. Miller believes the results of 
Lxperiments'to date neither prove nor disprove the existence of hydnno ^^"^e^ 
level impurities in the electrode or the electrolyte which could be concentrated at the 
cathode surface during the electrolysis process, or secondary peaks of potassium 
could produce the feature assigned to hydrino by HPC. 

Dr Miller believes that definitive results regarding the existence of hydrino could 
be obtained from a gas phase XPS experiment. This experiment would flow off-^as 
from an HPC cell, which would be expected to contain hydrino and may be processed 
to enrich the hydrino content, through an XPS instrument. Miller expects that such an 
experiment would require about a half liter of gas (- 10% or greater hydnno). The total 
scope of the experiment, including producing baseline results on pure hydrogen and 
other samples as appropriate, is estimated to take between three and six months and 
cost between $1 00,000 and $200,000. 
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5.2.5 Franklin and Marshall College 

AS noted previously. Dr. John Farrell of the Chemistry Department of Franklin 
and Marshall CoHege was an early collaborator with Mills in the development o tfie 
fheoS basis for the HPC concept (Ref. 3). Franklin and Marshall is a smaH (-1800 
sSs^ prtaL Hb^^^^^^ arts college' located in Lancaster PA^ Mills attended Franklin 
and Marshall receiving a BA in Chemistry in 1982. Farrell said Mills was wide y 
^^nSSas an exceptional student, and typically presented a strong -ntelle^ual 
Snge to the faculty in the courses he took, asking difficul ^"^J'on^ ^ased on an 
h-depth fundamental understanding. After obtaining a M.D. from Harvard in 1986. 
Mills received support from Franklin and Marshall In the form equipment and 
Sratonr space to pursue development of medical technology devices The initial 
deSpment ofMHIs- quantum me^anics theory took place during this time, leading to 
publication of the initial book (Ref. 3) on the subject. 

In the course of discussions at HPC in conjunction with this review Mills had 
identified Farrell for follow-up regarding the astrophysics data supporting the e^s^ence 
of hydSo Farrell said he believes the strongest evidence fr^-" /«t„^°P^y|'" ~od ?n a 
from the paper by Labov and Bowyer (Ref. 21). The paper was found by Good 'n a 
Mature se'archfor astrophysics evidence of the f^^'^l^^^^'^^J^^^^-^'^^ 
soectral lines had been identified from the raw data by the authors, and were ni 
eSen aareement with the expected lines from hydrino transitions (see Table 4- ). 
pSSJifd tJat a paper documenting the matching of the Labov and Bowyer resLdts 
StoN^ energy hydrSgen emission spectra was submitted to Astrophys.c^l Letters 
ComStions ^Ref. 22). a companion publication to the Astrop^Vs;« Journal which 
published the Labov and Bowyer results, but the paper was "°»f,?^PtfJJ°'^ j^e 
publication. Farrell expressed frustration at the unwillingness °^the leaders of the 
asSophysics community to consider alternative interpretations of observed date 
However. Farrell felt the other astrophysical data comparisons (e.g data) 
were based on direct interpretation of the raw data, which ^res a soph sweated level 
of understanding of statistical applications m astrophysics, and thus are of lesser 
confidence than using the original Labov and Bowyer data interpretation. 

Farrell is a member of the HPC Science Advisory Board as well as a shareholder 
in HPC Sote of the'Sy confinr^atory work replicating HPC electrolyse ceHs was 
perfom,ed at Franklin and Marshall (Ref. 25). but no work is J^"^ "Jjf^^^ 
present in support of HPC. Fan-ell noted that two other members of Chemisuy 
DeplSi^Snt a^ F&M hold HPC shares, indicating the degree °f^«"PP°JJ°^^l«'"^P*- 
Sell also noted that two members of the F&M Physics Department have been 
following the development and validation of Mills' theory. 
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Introduction 



Objective: 

The scope of work for this technical evaluation contract consists of the followu«: 
"Review the current status of the HydroCalalysis process devdopmert and 
plans for development of the functional prototype unit^ and provide 
wnmients and reconm«ndations regarding the planned tasks, resource 

requirements and projected schedule." 
The subtasks for completing the review were broken down into four a^^^- 
addrSL bSv COMCO has defined four stages in the -Commerc.ahzat.on Inv^nent 
St Sls-s ^ hydrogen energy source (Attachmem A> ^^^^^ 
to provide a "reality check" or a "sanity check" on the Phi«e I devdopment 
Zl^Jd'red line- the schedule that comprises the first of the four stages 
SS^B) d ^^iS^^^ of the Test Cdls 1. 2 and 3 whi<* were '^^f^^ 
n^^^Sed, and needed additional work and recasting. Oanficafon of vjat th«e 
^^'^e ^ necessarily an integral part of my task "Die r«uham red^fimUon of 
S^^estones was finalized by Tun Kendall and is induded as Attachment C. 

As part of a Due Diligence process that has a bearing on ^^^^^^^^^ 
(staged fonding). We (Bine-Anderson) take a conservative view °f »1« *^ 
SfpSeTl have based my repon stHctly on my fact findmg tnp wiU. J«;iKendan to 

SS?:^PowerC^^^^^ 
SS^l-^Sli^^e^^^V^descrr^ 

S to ensuring that resources will be used effectmdy and efficiently and towar^Ae 
SStHSofCOMCO. Wehavedeemeditwiseto«rtowardsthecons«v^ 
XSg Tedmology Insights ai»] PadfiCorp to make up their own nunds about how 
S^'pLsm to Sect 1 did not see a dear process under^^ 9^ 

Zt out so that Tedinology Insights, who has access to many more documents rdevart to 
StXol^.andwhotave .Months of study bdnnd them about this tedmolo^^ 

incorporate my commcaits into the total picture. 

Most importantly, the alterations in the revised sdiedule result in a P^^^ 
that represeate the most likdy outcome of the work to date at ev«^ T *1 
rSrfthework. Milestoneshavebecnrevisedtobenaturalbreakpomtem&e 

2 w^ so that now slips or advances in the work s^edi^ my be 
JSEodateTros schedule will continue to serve as a woikmg do«im««t for tradang 
S^f fte investment, and can form the basis for aDocation and reaflocabon of 
^(^doi« the way mirtention is to provide COMCO managenwn^^wiA 

S^on L woridng tools to ensure the overall success of th« venture. 
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I. % 



2, Review Background Material (Subtask 1) 

A list of the documents I received and reviewed is in Attachment D. 

My study was a technical evaluation of the process to commercialize this invention 
only and I have not done a technical rcNiew of Dr. Mifls's Hydiino Theoiy, or of ^e 
experiments that lead to the design of the vapor-phase reactor. For the purpose of this 
study I have assumed that excess heat is evolved by these energy cells, that this re^ 
been verified by independent laboratories, and that the phenomena is explained by Dr. 
Mills's Hydrino Theoiy. I reviewed aU items in Attachment D only, thus, I have not 
reviewed the data or experimental methods from this previous work, ^ch goes back 
several years. Neither have I attempted a review of Dr. Mills's Theory. Therefore I am 
not opining on the experimental Mstory, or the theory in this report. 

However I saw nothing during my fect-finding trip that contradicted the assertions 
and representi^tions made by HPC about any of their woric, or about Dr. MiUs's theory. 



3 Visit to NovaTech and HPC Fadlides to review the current status of activities 
rdcvant to the integrated schedule for dcvdopmcnt of a functional prototype unit. 
(Subtask 2) 

As explained to me in my visits to HPC and NovaTedi, by thdr personnel, and in 
conversations with Tim Kendall of Technology Insights, the HPONovaTech currem plan 
as outlined is the following (points A through D): 

(A) The most long-lived excess heat ceU experiments were completed at Thermacore. 
Multiple experiments at Thermacore demonsUated excess power, but the woric was 
abandoned because the results did not provide a basis for a commeraal application. 

The electrolytic ceUs were rejected as a deagn basis for a commerdal unit due to the 
limitations in power denaty that they could achieve. In seeking economically viable power 
densities, the concept of the hydrino transition reaction was re-cxanuned and a new energy 
ceU design was invented from first principles. HPC asserts that the transition reaction cm 
occur in the gas phase, as weD as in aqueous solutions. If this assertion is proven true, this 
enables a new generation of hydrino energy cells to be buih tiiat take advantage of 
traditional chemical process ideas, such as continuous feed of reactants, higli operatmg 
temperature, and continuous operatioiL 

(B) It is the transition to tins new type of ceU that is tiie focus of Test Cdl 1 work tiiat is 
\n progress at HPC and NovaTedi. The objective of tiiis Task is to demonstrate a cdl that 
will operate repeatedly and contrpllably. The operating parameters have beai defined as: 
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operating Parameters 



. Catalyst vapor pressure (catalyst c»ncentraticfn) 

• Choice of catalyst 

. Choice of hydrogoi dissociation surface: filament or foam 

* Molecular hydrogeo gas pressure 

. Atomic hydrogen gas pressure ^ r^y 

, Filaineiiti^)eratingteriq)eramre(curT^ 

♦ Cell hydrogen flow rate , , ■ 



OotteKd operating parameters are expected to be 2 Torr of potasaum. 200 mabTorr 
SSSogeJ and as high a filament temperature as possible to atommi as much 
molecular nyorogra, «nu of oressuie = 760 Torr): This mfbrmanon was 

hydrogen as posable. (1 atmosphere ot pressure >^^»"> 
based on the resuhs of the quartz cell, and calculations by Dr. Mffls. 

The design goals are listed in Attachment C. Most importantly, catatyst vapor 
SsT^canSvaried by comroffing the temperature to the potassnmiioA^^^ 
Sd^. Previous designshave used heatfromthefilamemtovapor,**^ 
^SuTWe addition of th^e^^ 

SSeforpotassiumtobedocumented. Secondly, hydrogen can be flowed through the 
cell continually, the first step in going towards a continuously woikmg cdl. 
(Dl Fabrication of a test bed, which I recommend be expanded to a conventional Test 
SnJeb^derwayatNoTTech. ATestF«ture wiHaUowexpenmematonwrth 
^t o^ scenarios, by serving as a standanl testing dev.ce for different designs 
of the energy cen. (See Section 4). 



HFC Site Visit: 

The current activity centers around a dramatic change in f»ergy ceU d.^»J. 1- . 
changing design from the aqueous ceUs to vapor phase cells, the Problm oTgettmg atomic 
SS^S«S^Wi«>«sta the gas phase had to be solved. Bill Good, HPCs r«e^ 
STl^ stalSit potassium and rubidium both are active catafysts for fte transrtion 

FurthXhestatesthatalladihalogensarethebest^^lfom^^ 
utilize aJd that sevend saks were tested, and iodides were determined to^ U« b.^ 
choice According to Mr. Good, an operating temperature of gr«t« than 730 C to k*^ 
S^irnsfr^condensing out onthewallsofthe vessel isrequired. He also presented the 

following information: 

Initial testing was done with a quartz tube reaction v«sd. Data from ^js tube 
indicTL optLl operating conditions will be 2 Ton of pot^um ions, 200 mimTonr 
SScular ijdit^en with a filament temperature (reaction suifece temperature) as high 
as possible on the tungsten is 2000 C). 
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Tungsten was chosen as the filament material due to its good Wgh temperature 
pioperti^ However, tungsten reacts with oxygen, thinning the filament and leaduxg to 
Mure. Thus a good vacuum must be established prior to powen.« up the 
introducing the reactants. The reaction vessel should be evacuated io belas. the mMTarr 
levels that are achievednaw. and an upgrade from the current mechamcal pumptng 
system is required to ensure a clean vacuum free of conUmmaniS. 

Evolved heat is measured by dififerential calorimeto': HPC and NovaTe^tave 
invented a new high temperature calorimeter for this purpose. It .s "inri^"" 
firebrick, and the energy evohred is measured as a changmg hwt grad.entb«ween two 
points located radially outward from the energy cell's center. As «cess heat is evoWed 
from the energy cell, the rise in temperature differential between the two points is 
S^^. SfexpLientalrunswereattemptedwithanycellsuntilcahl^^^ 
the new calorimeter were stable and reproducible. It is criti«d to be m^oJously car^ 
with these cafibrations, since the observable of excess heat wdl be the ch.rfexpenm««d 
result that will guide the optimization of these energy cells. Meticulous Otetinal i^on 
andcalorimetry that is above question is key to thisprocess. It is the smgle most 
inq>ortant issue for the overall success of the development plan. 

Recommendations: 

Because the energy ceU is not totally enclosed in the firebrick, but the e^ of the cdl 
protrude from it, there are two heat paths out of the cylindrical energy cell: Radially out 
tiirough the firebrick, and axially out the ends of the cdl. Since conduction and 
convection dominate over radiation for heat transfer mediamsms. it is reasonable to 
assume that the proportion of heat that flows via each path remains constant throughout 
any heat generating operation of the ceU. If this proportionality does stay cor«an^ Aen 
the measurement of excess heal recorded by the thermocouples located radially out from 
the center of tiie ceU will indicate data accurately. This assumption may or may not hold 
up with the addition of the tungsten foam as weU as H holds up for a simpte bingsten 
fflament Final resolution of this issue will require construction of a "test bed calorimeter" 
that completely enctoses and isolates the apparatus, like the conventional bomb 
calorimeter. 

TWs test-bed standard calorimeter should be spedfied with inultq)le thermocouples, 
ten or twelve, that are monitored and recorded by a data acquisition system. Dwign and 
construction of this device wiD require additional materials and instnimentadon b^nd 
what is presently in place at HPC. This could be incorporated as part of the Test Fixture^ 
Because the thermal measurements are key to this project, the firebrick calonmeter must 
Ixfylly characterized and caUbraied to a standard calorimeter if possible. Ifa 
coinmerdal calorimeter camiot be brought in for standardization agaiiist a weU taiown 
instiimient, an acknowledged calorimetry expert can be brought in to independently sh^ 
and confirm that the calorimeter is fiilly fiinctioiung appropriatdy. This exp«rt cm cat^ 
that the calorimeter is fimctioning property, and that H is the best way to handle this high 
temperature atuation. 



KUne-ADdersoii, Inc. 



Proprietary and Confidential 



An inherent limitation of this energy cell is the temperature bmrt of the stainl«s sted 
vacuum vessel. The vapor pressure of KI at 710 C is 1 Totr To achieve 2 Toir, the 
^^^mustbera,^to730C. For the grade of stainle« sted used, a ten^^ 
Son^O C has been specified, but Matt Ales at NovaTech is «illmg to P"* the hm* 

solution, and the test cell development program must reflect this. 

Two test ceUs are slated for operation by HPC (TCIB and TCIQ ^P'^^ *J 
xmderstanding of the process by variation of key operational P'"^^'>^^2 
these parameters in the box above. Tom^themulttpkparameter^yace of Ou: 
verfJnumce of this energy cell, each parameter must be "fP^'f""^^^ 
^^Mfy. This data^des test ceD design and will form the basui for und«rstaDdmg 
Td^c characteristics of the prototype energy cell, ai.d indicate requuements for 
process control instrumentation. 

In addition to an upgrade of the vacuum system and test-bed «lorimrt«r. additional 
testing equipment is required. A high quality stable power supply f<»; f Tf^ 
addidoS th'ermocouples. and a hydrogen flow meter to r^l^^'^JtY^^t^o 
delivered to the reaction vessel is a mmimum equipment hst for this UBk. At least two 
wofessionals ilill time should be devoted to this effort. A data acquisrtion syS^ to 
mSrSs<>rd pi^^ temperatures, oirrem to the fflam«»t. and 

b«ter must be incorporated with these testing cells. Tins is an m^ortam aq. 
Kd^elopment and understanding of this technology and constrtutes a conventional 
lab Test Fixture. 

NovaTech SUe Vbh 

•me NovaTech team present included Richard (Hawk) Rochow. Matt Ales, and Lewis 
Walton. They have expanded their space to house this experiment In our discussion with 
N^cha^uaru ^ cell encased in fire brick was «iescn^«L Ttas wodc was 
internally funded by NovaTech and designed to be a "quick and dirty" attempt at 

M^ent verification ofthe evolution of excess heat. ^^"^"^.^^^^^ 
m L recharge. Catalysts used were potassium mtrrte and potassium iodide, with heat to 
S^^fi-fmthefilament only: no independent control. Z^^"^ "^f^was 
ldTSLator*inthiscell.withama,Bii«lvacuumsystem. "^^"^^^ 
originally constructed of calcium silicate (failure mode: warpuig), vws «Pta«^J«* 
firSinsulation that forms the basis for tl« ^^f^^^^;^^^^ y, 
firebrick delU-T method for measuring heal flow was developed. Results mdicated 3/. 
excess heat was evoWed, with an estimated 2% uncertainty in the measurement. 

In deaening Test CeU 1, thqr described numerous agnificant design changes that 
were madeS on their experience with the quartz cea. The quartz tube was repla«d 
with a stainless steel vessel with an external catalyst reservoir. Int07«l alummum oxide 
insulation was added to protect the stainless steel wall from thermal damage. Atungsten 
foam core for dissociation of hydrogen was installed to maximize tungsten suifece area. 
Expected maximum centeriine operating temperature is 1500 K, with an absohite 
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maxiinum at 1800 K, where the aluimna wiU start dissodation. A flowing hydrogen gas 
system was instaUed. 

Experimentation up to Oct. 16th had not resuHed in a stetistically sigmficanl 
observation of excess heat. NovaTech proposed several reasons for the failure of the ceU 
to evolve heat. Among them are the following: 

. Control of the catalyst location and partial pressure was not sufficient to 
deliver catalyst to the reaction volume at appropriate 
concentrations, and at the right moment in the experimental "run" 
of the cell. 

. Large time constant of the calorimeter may be obscuring results. 
. Faihire of tungstai filament at high temperature and flow conditions. 
. Possible contamination of the tungsten foam rendering it inactive for 

hydrogen dissodation. 

• Contamination due to inadequate vacuum. 

• Persistent contamination due to alumina insulators. 

Recommendations: 

To address these issues, they plan to run at higher centeriine temperature to achieve 
greater dissodation of hydrogen gas to atomic hydrogen. They may run wiA titie filamwit 
and without the foam. A tuibomolecular vacuum pump has been acquired by NovaTech 
to be fitted to the energy cdl. TWs addition will solve the problems of impurities to a large 
degree by improving the ultimate vacuum the system can reach, but cannot totally 
amdiorate the oxygen and water contamination that is the product of the slow outgasang 
of the thidc, hot, ahmiina insulators. This is seriously problematic and progress will be 
faster once the alumina is eliminated 

A lengthy discussion of the alumina insulation WgMighted the feet that it is a source of 
oxygen and water in vacuo, and due to the aze of the insulators, wifl take a long, l(^ 
time to bake out completdy. These insulators wiD also retard heat flow to the surfece of 
the cdl for heat transfer in a heat exchanger. Several other choices for msulation were 
discussed and molybdenum foU emerged as the eariy fevorite, due to its rdatively cheap 
cost (compared to other advanced materials). J recommend tlua this change be effected 
immediatefy, in the multi'lqyer geometry that NovaTech suggej^ It wiU give their ceU 
a higher temperature cc^ability immediately, and speed progress. 
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4 Provide comments and recommendations regarding resource requirements for 
pUnnS tasks leading to the fabrication and initial operation of a funcdona! 
prototype unit (SubtaskS) 



TestCeUl 



Pcrfonnance mDestone goals require demorjrtration '^^'^riT^.^^ 
level of the calorimeter (estimated at 2% in the delta T measuiement by NovaTech). 
rq)eatably and sustained over houis. 

Test CeU 1 is currently being modified at NovaTech. Sev«d inq.ortamis»^ 

been iSfntified that need Jork-arounds. The most fundamental .s the vacuum quahty. 

WWle -perfect" mechanical pumps can achieve an ultimate vacuum of 40 miffiTotr. 
this iTI^lltyriS after a rebuild or general overhaul has been finished, andmo^p^ 
^rB^wSO or 100 milUTorr. as both NovaTech and HFC have expenenced NovaTech 
^triS To si'dl quality if the vacuum they get by using the convemron^^^c 
mlwuts and flushes v^th an inert gas. This is sound lab practice, and might be good 
^™Shwer«t for the alumina to^latoii. >vhich present a lengthy outga«mg problem 
n^fftJ^SeM Even after a reasonable "bake^" period, oxygen and water due 

instead of helium, because it is cheeper. 

THermal isolation of the energy ceU and the firebrick calorimeter has been discussed 
rfK,v?T^^d that the fire^ck calorimeter be redesigned for complete encasement 
Se^S^dcalibratedtoaknovmstandarf. ■^-^''^jT'l^r^tf^ 
offv^thinCTe^ accuracy in measurements, ne time comUmtofthe calcrmeter 
feZ^^ustalso^beclearfydernor.strated.sowey»Uknaw^^ 
No^Techbalreadyconsideringthisproblembycoj^ 
S^tureexcur^onstothedeha-Tmeasurement 

,^ementmustclear1ybeestablishedat2%. This can be accommodated wrthm the 
Test Fixture. 

A sijmificam materiaU problem has become evident in the operation of this test ceB: 
TT^iSSSrvessel nLt bekept above the condensation temperatore otpo^ 
Sd?SSpoi«t 682 Q. TTe operating temperature sd^ted to ach^ ^ d««red 
^r pressure of potassium ions in the ceU is 710 to 730 C. Inorgamc sahs are not 
taSTeirreflLtendencybackintoafimu«e.anditisunlil^thatas^ 
SrpLeofKIisresidemintheceU. Ifthe potassium io.« or Klr^e^es were 
condeLig out oh aiiysurfece below 682 C no positive results m excess heat will be 
r^E>thelsenceofthereactant. F«'ther, thepoU«sium™stb«ak««K»to 
Sarticipateinthehydrinotransitionreaction. The dear md.«tom«ttot the «nUre 
Sn vessel must be operated at temperatures of at least 730 C. and probabty hi^. 
rfc^^^al energy cdl. higher operating tempera^ (at the suAce 
keiable, as this gives the ceU superior heat tnmsfer efficiency, so sohnng ths problem 
sooner rather than later is wise. 
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The alumina insulators can probably be mn at the deared temperature - however, due 
to their mass and geometry, it will lengthen the time for the cdl to achieve thOTial 
equiHbrium at the operating temperature. Further, the problem of oxygen and water 
contamination from the alumina remains. Direct lab experience in scaleup operations 
requiring alumina material as pass through insulators or internal sutic separation unit^ 
underscores the need for lengthy bakeouts. The porosity of this material allows outside 
atmosphere to permeate it each time the vacuum is vented. In this case the problem is 
critical enough that we recommend replacing it as soon as possible to ensure accurate 
results in testing. 

The proposed solution from NovaTech is to fashion a multiple fofl insulator to protect 
the stainless sted walls from excess heat. This is a good solution for Test CeU 1 and 
should be implemented now. Not only is the thermal problem solved, but the 
contamination problem is eliminated, and the design for the ceD is shnplified. In the 
commercial cell, the vacuum wall itself must be fabricated from an advanced material. // is 
prudent to begin testing and evaluation of materials now, as heat shields, in preparation 
for selecting the final reactor vessel material This is a serious problem andwiU take 
some time to address fully. It comprises a significant modification to the cell, therefore 
after its implementation the ceU must be recaLljrated whh control runs. NovaTech 
estimated the cost for molybdenum foil to effect this change at about $1 5,000 for one cell. 
This may be underestimated, and this will be a one-time purchase, but if this solves the 
problem a much larger purdiase of it win be needed. 



Test CeU 1 ' Objective: To achieve a design of a ^that 

will operate rq)catedfy and controllably, and use 
as a basis to formulate a strategy for subsequent 
cell developmeot 



Design Goals: 


Status: 


Independently control catalyst vapor partial 
piessuie (utilize an externally heated reservoir, no 
high temperature seals). 


An external heater has been fitted to the catalyst 
reservoir, converting it into an oven. 


Utilize a flowing hydrogen cell (prevent **fiiel'' 


I^rdrogen flows in to the reactor through the 
catalyst fomaoe. 


Overcome the thermal limitations of previous 
vessels & insulation (keq) stainless sted vessel 
sufficiently cool, but keq) stainless steel vessel hot 
enougli so potassium iodide catalyst precipitation 


Undergoing redesign and modification now, see 
above. Ultimately wiU require fobrication from 
advanced reftactoiy materials. 


Design and fabricate a relatively ine?q)ensive test 
bed (allow for high sux&oe area tungsten foams or 
powders, allow for various catalysts, investigate 
other ri?***"aig investigate different operating 
scenarios (T. P. flow* e^))- 


The initial model is in place at NovaTedi, but 
requires a higher quality vacuum system and 
instnunentation linked to a data acquisition 
system to leoord results of different <^>erating 
scenarios. See Tabrication and Operation of Test 
Fixture" below. 
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To overau ai these elevated temperatures all vitan seals nmst be replaced with metal 
.J^'ZsZtX'^oclurungrZflanges. and may retire tnocHtrur^ a ne. 

stainless steel reactor tube. 

The best control protocol must be agreed upon and used conastemly. A r^ 
^s^aSZtsJceshauMbeccn,sideredforcor,trolrunsofihecalanme^^ 

the above modifications are completed and the energy cdl is operatinft it is 
.easol^e* ptie tS one or more Herations of design axKl «od.ficat,on be 
TOs will slip the schedule for Test Cell one considerably. 

Other technical additions that NovaTech proposed and I also recomnnrnd are the 
following: 

. Data acquisition system: to track thermocouples, gas flow, and current supphed to 
filament 

. Improved catalyst pressure control 

• C:ri:^^l^^^XSons(andmo«t.^two) 
. Se^„«ra.ge in power suroly/controllable^^ 

lestima,emMn,umpersonr.lre<iuirementsMtl^Nc^^^ 
TMs is significantly higher than their current level of effort 

Fabrication and Operation of the Test Future, TCIA and TCIB: 

The concept of the Test Bed is important and should be expanded to be a 
convSo^^ Fbcture. The last design goal for the Test C^U 1 is to fata<^te a test 
^T?o favestigate operating scenarios (parameters). Instnomentauon needed for 
^ • ri^rfS^rM^ Jl include the follovving: A constant power - power supply. 

: ^.Pi-* system upgrade . impr.^ -TS^T" 

^nnritv level in the cell), and metering to monitor hydrogen gas flow "^^ the cOi. 
^^l^of a r^ dualV analyzer to determine contem of the reaction cell should be 

seriously conadercd. 

TTris test fixture, instead of being an operating model, servw as a sto^ 

devi^Sr^^iesignsoftheprototypeenetgycell. K^^^'^^LtS^ 
SZSL, control systems to semce the steady state and dynamic requuements of the 
energy cdl (Test CeU 2 performance goals). 

It will generate comparable test date afl the way alo.« the prop^ for each ctai^ 
•n thl SS^ An airtomatic date acquisition system run by a dedicated wmputei b 
",iL^3^feture \X measures all important operating panmieten*. inchidmg amount 
rfS^^eSo^ SotheceTpressures, heat signatures fiom ftennocouples 

TOsisalIsavedtodisc/orn«ytes<n«. A graphic paper 
"ZX^^t^^-^^^-^^^^^^"^- TOsrecord-keepn^pnmdesa 
SS^^«m«S process and shows whether mflestones are be«,g achieved. It 
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records a complete data set for analysis and troubleshooting of problems. This test fixture 
is common lab practice and requires standard instr\mients. 

It is unwise and iU-advised to use a test cell that is incrementally modified and 
integrated into its own data gathering system for this purpose because any problem th^ 
may have occurred that was overlooked can skew results. A test fixture is a work station 
that, for example, has a multi-lead cable that is plugged into the energy ceU under test. It 
is advisable that the fird)rick calorimeter be a permanent part of the test fixture itself. The 
test fixture houses the metering devices and data acquisition system. 

The redesign of TCI A and TCIB as independent test fixtures, with calorimeters that 
are calibrated to a standard, creates a data acquisition system that records all expenmental 
events, and the results are kept in lab notebooks. This is usefiil for a number of reasons, 
among them finandal and experimental, and for demonstration purposes. For 
demonstration to third parties, who will eventually want to see this data (OEM's), it 
provides a standard lab unit v^ere all ceUs have been evaluated with results that are easily 
compared to each other. This issue takes on even more significance since Test Cell J 
hasn't produced a positive result yet, in terms of excess heat. As soon as the ceUs start 
generating excess heat, baselines for operations and outcomes wiU be automatically 
recorded in the test fixture, facilitating the optimization, and design/modification cyde. 

This levd of documentation - at each step - increases the overall probability of 
success of the Phase I program, and lays a foundation for interaction later with OEMs. A 
person with extensive laboratory experimental e)q>erience (advanced degree), ari 
extensive management experience should be put in place to provide strong leadership to 
the design and testing teams. This leader wiU keep teams on task, and get them the 
materials/resources they need for quick woric-arounds in between milestone reviews with 
management. 

Condusions: 

The level of professionalism and care displayed by the NovaTech personnel is high 
and consistent. They appear organized, thorough, thoughtfiil and prepared to go forward. 
They have made a business based on prototyping hardware for space applicadons, wWch 
makes them experienced not only in hardware design and methods devdopment, but in 
working with extreme operating conditions. In the case of space systems, hardware must 
withstand extremes of temperatures and pressure along with the posability of frequent 
thermal cycles. Tins group is very weD-qualified to lead the Test Cell devdopment team 
and en^eer these cells for scientific accuracy as wdl as fimctional reliability with a 
continual awareness of die requirements of the eventual commerdd unit They are a key 
resource for this project, and the depth, scope and experience that they bring to their woik 
substantially increases the likelihood of the absolute success of this witire Phase I 
devdopment program. 

Their team would be mor« effective ifit were augmented in several ways. They need 
an expert calorimetrist available to them for quick consultation concerning the operation 
and cah'bration of die new firdjridc calorimeter. This would be a senior, periiaps retired 
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nerson vvho would be available for occasional discussions. They also need available to 
CanTd vanced materials expert, who they have already .d«,t.fied^ As Prog.™. 
pr^s. this person wiD become more and more central to the effort, and should be 
b oS as In as possible. OAer additions will probably become "--^ « 

evolves, and NovaTech has indicated an awaren<«s oftfus and is ready o recrurt 
Sseasiti;required. Their demonstrated abiUty to .dentify qwckly and sdve 
«^blems that emerge throughout the course of this project, and assign approprote 
SS"^ Lik iks is critical. TOs team should head the design team -eetm^f" 
Srclarification of performance goals and design issues for work m progress. They ar« 
best qualified to lead the Phase I Test Cell effort. 

Another recommended addition to peisoraid is a S"™^*-'^"^ - . 

configuration management person who would be utilized at Itt or 3M time to pro^e 
SconfigmationLid release control for procurement records, non^esigndrawn^ and 
SSgnSra^gs. Sdemistsandengineerstypicanyrelyonfil^forthisact,^^^ 
„S S^ord this mformation systematically or completely in their lab notebooks. FUes can 
be lost, or accidentally destroyed. 

TestCdI2 

The resource requiremente for accompUshing the design and perfom^ce goals of 
TestMlZpresentasUghtlydifferentkindofproblem. As the W for this task, there 
will already exist an energy ceU that produces excess heat over houni of operation. 
STac goal of 24 h^ of continuous operation will require that the auxihajy 
J^^Sf Itiollers be fonctional and can feed reactants to the en«Br reacuon volmne of 
SeceU reliably and steadily. It remains to be discovered ifthe performance goal of 1 watt 
per cubic centimeter in the steady stote is enough for sdf-sustaming operation. 

At this stage, the power that is generated wiU now include the h«rt 
sustain the reaction. As a development device, there is no provision ^^^f^ 
usefiil energy, its entire enagy production is going in to sustainnig its op«atmg 
^.S^rtoambientlSsL. TTie power generated wiU balance the hea^ loss to 
SSsUady state operation. In later work, when the energy extractionArtilizatw^ 
i> opem&d system) is introAiced, aD the exc«s ^-^^ 
devoted to running the energy utilization device. Son«power wiD be pi^edbj^ to 
«^ the transition reaction in the energy cell, and other energy WiU l«put^ 
feedback for hydrolysis of water to generate hydrogen. In a commercial device; the 
JSlSeoptiSforthesefactors. This fiaction of energy used to sustam the cell 
and generate hydrogen may be interpreted as a fiid cost 

experienced gmncdin completing Test Cell 1. and Ms deciston shauldbe mcorporated 
in the final Test CeU I. design renew. 
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Test Cell 3 and the Functional Prototype Energy Cdl 

ContinuaUy during these tasks the COMCO Commercialization Team must stay in 
contact with the Test CeU Design team concerning issues related to manufecturabihy: 
scaleup considerations/constraints and market information. During these stages, the Phase 
I development program must become increasingly interactive. Monthly design reviews are 
recommended to fadlitate this process. 

Also a continual dialogue between the engineers who are building ihe test cells and 
the COMCO person responsible for future interaction with OEMs must center around the 
expectations and requirements that must be met for afunctional prototype energy cell A 
first step in this direction is Tim KendaD's "Conceptual Characterization of HydroCaUlysis 
Turbine Ai)plication Options" (Attachment E), and the detailed description of one of the 
ten options, "S-1 Radiant Recirculating BoUer" (Attachment F). Interaction and dialogue 
must be ongoing to ensure that the Phase I development woric is focused on the 
requirements of the field prototype, and aligned with the constramts of the energy 
utilization device that it will be integrated imo. ms dialogue must be continual, alOumgh 
it may reipiireonfy a low level of effort to maintain. This should be part of the tmtial 
product options" line 62. 

Already this activity has indicated that the commercial energy ceU must be small to 
accommodate high power denaty on the inside and good heat transfer on the outade of 
thecdL Initial dimensional estimates are two to four cm in (hameter and as long as 
posable (constrained by the kinetics of the transition reaction). The cdls must oper^ at 
high temperatures (above 730 C), must maintain a vacuum inadc, hold up to presainzed 
air or water out^de (for some options), and have good heat conduction to the walls of the 
cell to facilitate its role in a heat exchanger. Tins activity is ateady generating 
intellectual property for COMCO. These integrated designs must be carefiilly 
documented and treated as senative trade secrets. Patentability of these designs for 
devices must be e^lored. 

Feedback from this team must be fertored into the Test CeU 2 and Test CeU 3 deagn 
objectives In particular the startup method for initiating the transition reaction m ihe 
test cells, once they are operating as part of a heat exchanger must be considered and 
planned for by Test CeU 3. For example, initial heating of the energy ceUs might require 
that the pressure waU incorporate selective surfece reflection capability. Other design 
reqmrements wffl develop in the course of this Phase I program. Frequent interaction and 
discus^on between the Test Cell Design tewns and the commercialization team at 
COMCO will ensure that these issues are dealt with early on in the process and 
efficiently. 

At the Test CeU 3 / Functional Prototype Energy CeU demonstration stage, a coheave 
Ufe cycle operation paradigm needs to be outiined. The analysis can be conchided ^ 
rt^arding what redesigns may be necessary to demonstrate number of cydes, number of 
closedowns and restarts wiU be necessary and expected. Earfy marketing studies would 
help identify these constraints such as how often an operator can afford to shutdown and 
restart tiie unit This Ufe cycle analysis is part of the continual comparison of design 
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specffications and customer needs that goes on for the aitirePh^ 
backjiround acti\dty. The design after this one will generate a demonstrable shut-down 
and system for the energy cell, that occurs without human intervention. Also an 

estimate of how many cycles the unit will be required to execute, and its op^tmg cost 
parameters can be detennined towards the end of the Phase I planning penod. 



5. Provide comments regarding the viability of the projected schedule and 
ricommcDdations for adjustments as appropriate. (Subtask 4) 

COMCO has created an aggressive schedule, clearly so that commercialization can 
proceed as rapidly as possible. When it was determined that there was no cogent listing of 
performance goals for the test ceUs (milestone definition), I drafted a set that Tmi Kendall 
and I worked on so they could be included in this report. As a result, the milestones were 
designed to be natural breaks in the course of work (slip/advance points). Mine- 
AndLon's independent calculation of the time required to reach each mil^one m^cto 
up weU with the original estimates in the COMCO schedule (Attachment B) after the Test 
CeU 1 milestone. We have recommended that personnel be augmented m several ar^ to 
meet the time goals. Once this performance milestone has been reached, the rcmamder of 
the schedule should be reviewed. 

In Phase I development programs, such as this one, timeline milestones are 
difficult to predict and.to achieve oiling to the uncertainties in the nature of development 
woik In tHs case, a radical design change to the energy cdl has been adopted (aqueous 
Phase to vapor phase). Vnni Test Cell 1 operates successfully, no (me can say how much 
the schedule may slip, because there isn't a test ceU that works yet Giyen that the 
deUvery date for the Test CeU 1 rqjort is 1 2/3 , the design team for tlus is in a very tougji 
spot This means the work must be completed by Thanks^ving. Even with augmenting 
the design team as discussed above, it would be reasonable to add 8 wedcs to this task, to 
provide for procurement and implementation of the moly foil, calibration of the 
calorimeter, and enough process control ability to sustain the reaction for s^eral hours 
At least two more complete design/modification iterations are recommended. It could be 
approximately December 1 5 before NovaTech has a cdl that they can b^ to optmu^ 
for pov^^ density and duration of run time. Durmg ttes period, they wiU have ad(fressed 
sevOTi performance goals: 4, 5. 6 (see box). But will only be in a position to begm on 1, 
2 and 3 Allowing an additional dght weeks for looking at 1, 2, and 3, puts the milestone 
for Test Cdll at Fd). 1 5. This is a best case scenario and assumes no new fimdamcntal 
design problems emerge. 
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Performance Goals Test Cell 1 

1 Shawexcesspov^opcratingovcrthenoisclcvelofthecjaom^ 

measurcmenty Target excess power generation is 10% ^ - 

filament) 

the type CtbenDOCoqrie. . . 
6. BPH„iu»toaanding of ceU insulation airfitflaaoryn^^ 



This is aU non-trivial laboratory work that has to be done xvhen changing a basic 
apparatus, and even with augmenting the NovaTech staflt P^'P^e;^^ "fw*^?"" 
S^rt Jf problem, it wiU take time. This is a significant schedule shp that is not 

'""Sluier likely place for a schedule slip to occur is if the redesign, managment review 
and g^r^tak^rnore than the one day that is allocated for tWs^ 
Su^^d ensure that management is prepared, before the nflestone date, for po^e 
realtocation of resources, monthly design reviews are strongly 

[Sews should be on site, and conducted by COMCO's project manager and consuhams 
that are selected for tins purpose. 

Because of the unavoidable uncertainty in the timeline for the mDestoncs. it is 
important to create a concrete and clear understanding of the woik m^ogress so Aat 
S^tments can be made prior to the milestone reviews. MontUy^ 
fr^uent at this stage. This uncertainty cannot be avoided, but rts mipact h« be«« 
nSmized by the formulation of specific design and performance goals for each step of 4*r 
way. so that COMCO management can track work closely. This is a comrertional way to 
handle the risk dements invoWed in Phase I devdopment 

As the degrees of risk are removed, it becomes more possible to make a concrete 
schedule that the COMCO team can stick to. But this actually is not realia,c to «pec< 

JSLon's^cperien.^ that total schedule sUppage approaches about 6% peryear (th« will 
be in Phase II). 



6. Conclusions of a Technical Nature 



For successful commercialization of this device, three goals must be met: 

; Increase in the power density that the ceUwittevoh^: A reasonable goal for this is 
Too to 150 kW/Uter reaction volume. ITiis is the comparable figure for boUets (r«*"^<» 
rim's report). It is estimated that a figure as low as 50 kW/liter will be economically vable 
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in a commercial unit. The economic viabUity cutoff power density depends on the 
features, benefits and costs pfthe final system. . 
. n ^iUf.. MihP nrocess- An increased understanding of the interdependence of 

or ideally, a dial-type control that will vaiy the energy output of the ceU. 

L£^to evolv?«.eri after a starting procedure has been executed, and all en«iy 
input into the cell withdrawn. 

r^To^S-illprectadesodeup? Does this reaction have a self-lmutmg aspect, and 
is there a competing quench reaction. 



7. Off-Task Unsoliched Observations 



EarW marketing studies need to identify how n«ny times in a wsek or rnon* «i 
opeiSS^ord to restart his unit, and later ceU designs must addrws ^ « 

^^erdalization and scaleup issue that will come up 
SJ^ughouttiusworic. Commerdalizationofthistechnologyvjnte^^ 
owingto the nature of the process. Design reviews each morth at aU labs. ««^«^ 
rS^d the repon from the review should have the same anensrty and fix«^ 

have ^en one. ,1.1^ 
Theunitfirstshowntooutsiders..nustoperatewitiu>uthun«mnrt«v^^ 

be as ^to turn on as throwing one switch, and all safety gating should be m place. A 
Sf sS^nK,dewithairop,iateshutoffisrequired. Tog«4en— 
SSS. from a third party, this unit should n^be f^^r^^^btel fix 
ready. COMCO cannot show a unit that doesnt woik weD and then dam. to be able to fix 

it later. 

- I am concerned about tiie lack offorinal peer review throu^omti»ey«irsDr^^^^ 

theo^ts^ published. been '»-P-^r^5'^'«^™iT 

Son Dr.KOls-s theory. Imawa«ofEnglemanrfsbookre^^^ 

Sology Insights Technical Assesanent). It is suipnsmg that there ^ not one 
bCISTSShed paper that repom on the fendamenu^ 

KllBe.A«de™»,lDC Pn»priettr, «.d Corfide«tM ^ 



it 



1» 



was first pubUshed in 1989. It is provocative in its use of the Maxwdl non-radiative 
boundary condition, and the use of the 3-diniensionaI Dirac deha function. For example, 
the interpretation of the Planck constant and the particle behavior of the electron is veiy 
interesting, and these ideas would seem to attract comment and dialogue firom others. 
HowevCT there seems to be a high threshold for serious consideration of the theoiy by the 
physics c^)mmunity. This may be due, in part, to the fact that the theory is contrary and 
revolutionary, and developed by an individual wth unorthodox credentials. 

COMCO is already generating intellectual property now. 

In aD aspects of the technology, but particularly in the scaleup into the 
commercialization of the technology, constant attention must be paid to inteUectual 
property protectioa This activity indudes accurate documentation of trade se^ets, fflmg 
of patents, international PCT filings, and all other aspects of inteUectual property regime 
maintenance. 

A COMCO Technical Advisory Board should be fonned. 



OEMs 

An important part of the Phase I schedule involves discussions with OEMs. A focus 
of the Phase I work should be to prepare for these interactions from the be^nning Ae 
Test Cell work. We have expanded on the idea of a Test-Bed in the discussion of the Test 
Ffacture above. The value of the Test Fbrture, and the documentation that it creates about 
the energy generating process, is in these interactions with OEMs. It is our opinion that 
work should continue in secret until an appropriate Demonstration Unit exists to show 
OEMs. This is not equivalent to Test Cell 2, 

The Demonstration Unit needs be the first unit that anyone outade of COMCO, 
PadficCorp, HPC, or NovaTech is shown. This unh must operate without human 
interveiition^ It should be as easy to turn on as throwing a switch. AH safety gating and 
rdease vaWes need to be in place, and it must start itsdf up independently, and convert 
itself over to the sdf-sustaining running mode amomatically. This process should be 
evidenced to observers by easy to read meters. By throwing the "Off" switch, it must shut 
down in an appropriate and safe way. It is certainly acceptable to still have some 
engineering issues left, such as materials issues, and some scaleup. However, it is unwise 
to show a unit that doesn't work wdl (every time it is turned on), and add the assurance 
that it can be made reliable later. 

Until this demonstration unit exists, we urge COMCO not to show intermediate 
resuhs to anyone. Any disdosure of technology and progress contams risk for COMCO, 
and the potential benefit of tiie disclosure must be wdghed against the risk. To grt 
maximum return and involvemem from an OEM, or other third party, an advanced levd of 
devdopment is advised. Our opinion of the "Conventional Wisdom" for return on 
investmem during the commerdalization stage is in the graph bdow. The amount an 
OEM win be willing to pay to get involved rises dramatically between a Sustainable Umt 
to a Stand Alone Functional Prototype. Return scales inversely with risk. On the graph 



KUne-ADderson, Inc. 



Proprietary and Confidcntia] 




an idea, or "Notion", is worth "x" doDars at iu incq>tion; all the risk for getting the 
™n2 basS on th^t idea to the market remains at 100%. As commeraabzatjon 
5"Ss S?ni is removed from the invesm>eat. the number o"oUa« Am 3« « 
E^o pay increases. We have depicted this by scahng the vahie (x) that the ongmal 

Forexa^le.onceaFree-Standingl^ 
Ec^pS^ 10 times fte amount of the value of ihe invention "Notipn" or 

«S^Siaii2alion wo* (move right along the x-a»s), then at the i^e of a Con™«x^ 

SSBeUTes. the only risk remaining is the Wdn^^^ 

nabded <10%): There is a dramatic mcrease m value from the One-OffLab umt, to ine 

sSdimFreeStandingModel. COMCOcanma«mizeitsm^ 

progressing as fir along the commerdalization phase as posable. 

I>r Mills's desire to talk to OEMs too early is a risky approach and in feet go« 
the conventional wisdom that you keep p«.ple away J^^^^^^ 
2a reduce the risks as fer as you can, to realize the maximum financial returo from your 

S^^ee a u4 that is not working well, sustainably, consistently.^ cant 
be SXn remotely with a safe shut-down, financial possibilities wdl be dm^mshed. 

COMCO Leadership _ 

RnaDy, the role of strong leadersWp provided by COMCO cannot be overrated Tte 
succeSis Phase I efifort depends on a high level of inten«:^vdbj^ commu^c^too^ 
^^onbetweenPadfiCo,p,COMCO.HPCandNovaTe*. P"?""'*'"*^^^ 
nS^gulariy scheduled conference calls, e-mail, and monthly desip. review mecWgs 
S^^^nductedbyCOMCO-sprojectmanagerandsdectconsuhamssd^^ To 
perform on this aggressive schedule, no delays due to miscommumcation can be 
pennitted. 
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Attachment A 

Coiniratment to Commerdalization Investment 
Phases I -IV. (Technology Insights) 
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10. Phase Structure/Commitment to Commerdalization Investment 
The following phases will overlap in time: 

Phase I - Functional Prototype (-2 years) 

Development and evolution of energy ,^lls to address identified irnfel^ 
devic^ application(s). Integration of hydrocatalysis energy cells with one 
or nSe Sergy utiliiation devices, (e.g.. gas turbine) for operafon"" « 
shop environment yn«,oepratidri and modifications to tdenhfy and 
resolve resulting tedini<iar issues. 

. Phase II -Commercial Prototype Engineeringrt^abrication (-1-2 years) 

Design, supporting subcomponent testing (as necessary and practical), . 
f aSSSSfSory acce>tance testing of energy utilizatron devices for 
_field operation in demonstration prefects. 
Phase III - Demonstration/Commercial Unit Engineering (-1-2 years) 

Operation of prototypes, analysis of operating data, revisions to prototype 
design to establish final commercial design plus unit cost and reliability 
projections. 

Phase IV - Commercial Production Infrastmcture (-1-2 years) 

Manufacturing engineering, retooling, quali^r .assuranre Fjwam. and 
production and factory acceptance testing of initial production units. 
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Attachment B 

HydroCatalysis Project Phase I Schedule dated 9/24/96. (Technology Insights) 
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Attachment C 

HydroCatalysis Project 
Phase I - Functional Prototype 
Energy Cell Development 

The following material provides a definition of the design and performance 
obieSves ^^^^^^^^ se'ries of HydroCatalysis energy cells leading to an 
2erS SlI unit to be integrated with an energy ut.ltzat.on device for the 
?unc!?onXrototype unit Trtles refer to task summary entnes .n the 
HydroCatalysis project integrated schedule. 

Engineering: 

The task Groups labeled Test Cell 1. 2 and 3 each represent a series of 

f«r Ut cell reoresent design evolution and engineenng 
S.an.?SlSont in mflvolStion'of this concept, not different concepte 
f^ r^mSdTm^t (physical implementation) of the hydrino power cell invention 
itself. 

The desian tasks of the test cell series include design of auxiliaiy. control 
and^a gXring and analysis systems as needed to condurt the fu I scope of 
fti teS iSe prS.rementffabrication tasks include the assembftj. calibration 

Lnd SaUhakedown operation of the ^P-P'^"' j;^^^"^'^^^^^^ 

tasks include initial definition and necessary adjustments of ttie test 

!Sll^ datfcollection. integration, analysis and documentation in a test report 

Test Cell 1 

ObiecUve: To achieve a design of a cell that will operate ^^^^^J^ 
aSSlably. and use as a basis to formulate a strategy for subsequent cell 
development 

Design Goals: 

. Independently control catalyst vapor partial pressure (utilize an 

externally heated reservoir, no high temperature seals) 
. Utilize a flowing hydrogen cell (prevent fuel" starvation) 



. Overcome the thermal limitations of previous vessels & insulation (keep 
stainless steel vessel sufficiently cool, but keep stainless steel vessel 
hot enough so catalyst precipitation is reduced) 

. Design and fabricate a relatively inexpensive test bed (allow for high 
surface area tungsten foams or powders, allow for various catalysts, 
investigate other materials, investigate different operating scenanos (T. 
P, flow, etc)) 

Perfomnance Goals: 

. Show excess power operating over the noise level of the calorimeter 
(2% in the delta T measurement). Target excess power generation is 
10% 

. Sustainable over hours (limit condensation/precipitation of catalyst arid 
oxidation of tungsten filament) 

• Repeatable demonstration of excess power 

. Controllable (controlled approach to excess power operating conditions 
and stable operation while generating target level of excess power) 

. Operating temperature (other than the filament) 1000 to 1400 degrees C 
in the "hot zone" reaction volume as measured by the type C 
thermocouple 

• Better understanding of cell insulation and refractory matenals 
requirements 

Optimal operating parameters expected to be: reaction zone partial pressures of 
2 ton- potassium iodode or 0.2 ton- Rubidium iodide, 200 milliton- hydrogen as 
high an operating temperature as possible, power density will t>e optimized by 
adjustment of partial pressures and temperatures within the limits of the device. 
Three Test Cell 1 devices have been fabricated: TCI A for operation by 
NovaTech directed toward the above objectives, TC1B and TCI C for operation 
by HPC to improve the understanding of the process by vanation of key 
parameters: Test Cells TCI B and TCI C will have a partial Data Acquisition 
System. 

Test Cell 2 

Objective- Self-Sustained Operation (Long term (24 hour) operation without 
electrical input to the filament while maintaining reaction zone temperatures 
sufficient to support molecular hydrogen dissociation). 

Design Goals: 

• Higher temperature capability (eliminate oxide insulation through use of 
multi-layer insulation) 
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. Better vacuum system (reduce bake-out times required, improve quality 

oftjake-out) 

• Automated Data Acquisition System (DAS) 

• improved catalyst pressure control 

• Attempt to eliminate catalyst "loss' 

. Instrumentation for optimization of operating parameters (prep for 

scaleup) ^. , 

• Delta-Tlhenrocouples at faster responding locations 

. Greater range in power supply/controllable constant poM^r source 
. Design and fabricate a relatively inexpensive test bed for operation at 
higher temperatures than Test Cell 1 (allov/for ^Qh surface anra 
tungsten foTms or powders, allow for various catalysts, investigate other 
materials, investigate different operating scenarios (T. P. flow, etc.)) 

Performance Goals: 

. Reliable and repeatable startup and operation in a self-sustained mode 
for periods in excess of 24 hours • 

. Quanfrtative understanding of povrer production as a function of key 
operating parameters 

. Average povirer density in the reaction zone volume greater than 1 watt 
per cubic centimeter in steady state 

• Reliable operation of supporting auxiliary systems 

. centerline temperature operation in the range 1300 -2000 C 

Test Cell 3: 

Objective: An engineering redesign of the self-sustaining Test Cell 2 devia^ 
SvJ^d for comparable operating temperature with a geome^ evolving toward 
a hMt exchanger configuration for the functional prototype unit energy cell. 

Design Goals 

. Designed with advanced refractory materials, where required, from the outset 
. Designed to eliminate net catalyst loss during nomral operation, including 

slow reactions of catalyst virith cell contents and vessel 
. Provision for fabrication of multiple devices of varying length to investigate 

fuel arid catalyst transport limits, with provision for axial data on peifomiance 

. p!loSsSIf?r"ill heat loss characteristics to support both inrtial heatup power 
requirements and heat transfer requirements of steady state operation 
tteyond goal povi«r densities . 

. Provision for parallel operation of two energy cell units serviced by a 

common power supply, hydrogen supply, catalyst supply and vacuum system 
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. The materials and design of this cell will provide the basis for study of 
commercial sealeup in terms of materials choice for function and pnce of the 
Functional Prototype Unit Energy Cell 

• Analytical projection of sufficient operating lifetime for key matenals 

. Provision for removal of reaction products or foreign gases dunng long temi 
operation 

Performance Goals 

. Reliable and repeatable startup and operation in a self-sustained mode 

. Operation of an energy cell in a self-sustained mode for a penod in excess of 

• Average power density in the reaction zone volume greater than 1 0 watts per 
cubic centimeter in steady state „ ^ u 

. Stable startup and operation of two or more energy cells supported by a 

common power supply, hydrogen supply, catalyst supply and vacuum system 
. Quantitative data on the effect of energy cell length on performance 

• Quantitative data supportirig the key materials design lifetime analysis 

Functional Prototype U nit Energy Cell 

Objective- Parallel energy cells, as well as necessary instrumentation, data 
gattiering and analysis equipment designed and fabricated for operation in 
conjunction with an energy utilization device. The resulting functiona prototype 
unit (combination of hydrocatalysis energy cell unit and energy utilcation device) 
will be designed for operation in a controlled shop environment, with emphasis 
on understanding and resolving issues associated with the integration of an 
energy cell and energy utilization device over the range of expected operating 
conditions. This program may be under the auspices and largely funded by an 
OEM. 

Design Goals: 

• An energy cell unit comprised of multiple energy cells operating in parallel 
and serviced by a common power supply, hydrogen supply, catalyst supply , 
and vacuum s^em 

• Provisions for automated startup and operation of the energy cell unit 
meeting the environmental and control requirements of the energy utilization 
device while operating in a controlled shop environment (Auxiliary and 
control systems for the energy cell would not necessarily be physically 
integrated with those of the energy utilization device) 

• Energy cell unit capability (startup, dynamic response, power production, 
lifetime) as required to support the energy utilization device over a range of 
conditions covering the planned test matrix 

• OEM input 
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Performance Goals: 

• Reliable and repeatable startup and operation 

. Power production .consiste^nt with the design^peratlng range of the energy 

utilization device ' . • ♦^„*„«4»,*ko 

. Stable operation and dynamic response characteristics consistent with the 

requirements of the energy utilization device ^ . 

. Satisfactory operation over the conditions of the planned test matnx 

• OEM input 
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Attachment D 

List of Documents received by Kline-Aiiderson Inc. as background material from HPC and 
Technology Insights. 

HPC: 

Confidential Business Sununary 

Confidential Short Budness Summary ^ \n - t \. «i««r >Jov 1995 

-Fractional QuantumEnergy Levels ofHydrogen" ^^^f"^^^^^^^ 
Confidential Paper "Fractional Quantum Energy Levels of Hydrogen Representative 
Recent Results Prepared For Kline Anderson- 
Book review by Dr. Rdnhart Engelmann 
Confidential Company Presentation 

"^"SS^F^SSlsHydn™,: An Extreme UV Spectroscopy Proposal 
Measurement ofBccess Heat From Ifydrino Production 

Protocol For the Synthesis of Dihydrino Molecules „i„„r^n 
pI^tocolForHeatMeasurementsWhh the High Temperature Vapor Phase Cell 

Protocol for Heat Measurements With the AtMar Glass Lamp 

Protocol for Calvet Measurements of the Mgh Temperature Vapor Phase Cell 

SSS^JSXis: Proof ofPrincipalPotassiumCaAonateCoatedNickel 
Hydride Experiments 
One Kflowatt Electric Prototype Proposal 

Technology Insights: 

HydroCatalyas Technical Assessment, August 30, l^vo 
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Attachment £ 

"Conceptual characterization of HydroCatalysis Turbine Application Opti. 
(Technology Insights). ^- i ^ 
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hin- Appiif-a^ion Options 

COMCO Technical Support Workscope 

Conceptual Characterization of HydroCatalysis 
Turbine Application Options 

1.0 Objective 

Identify sleam and gas turbine options for power generation using the 
conf.gurat,on. env.ronmerrta^^^^^ design and development issues. 

ongoing development of the energy ceils. 
2.0 Background 

development. 

3 0 Options to be Addressed 

developed. 

3.1 Steam Turbine 

For the steam turbine options, the interface with the energy cell v«ll be either 
directly " indirectly with a steam boiler. In light of the decreased .mportanoe of 
eS<^ I Wressure saturated or moderately superheated steam; similar to the 



•PHI ConBdential Information - Work Product for Hire Property of PHI 
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Lirbine ADpHc ation Options 

Steam conditions -.n commerce "^^^ 
following steam turbine options, as defined in the appendix, win pe co 

S-1 Radiant Recirculating Boiler 

S-2 Radiant Once-Through Boiler 

S-3 Natural Convection Recirculating Boiler 

S-4 Forced Convection Once-Through Boiler 

S-5 Forced Convection Intermediate Loop Boiler 

3.2 Gas Turbine 

Gas turbine options will include open and closed cycl^ 3^^^^^^^^^^ 
be addressed in a manner consistent with the approach for steam c^^^^^ 
follSrgas turbine options, as defined in the appe^^^^ 

G-1 Radiant Open Cycle 

G-2 Forced Convection Open Cycle 

G-3 Forced Convection Intermediate Loop Open Cycle 

G-4 Radiant Closed Cycle 

G-5 Forced Convection Closed Cycle 

4.0 Scope of Activities 

This effort will encompass the activities defined below. 

4.1 Option Characterization 
nsina the material in the appendix as a starting point, characterize the options in 

be developed for each option: 

. concept Strengths -Expand and quantify the list of positive attributes 

identified in the appendix 
. Design Issues - Expand and quantify the list of design issues identified in 
the appendix 

. Energy Cell Environment - Quantify the energy cell environrnental 
paramLrs identified in the appendix (v/ith additional pararneters .f 

appropriate) 



•PHI ConfidentiaJ Information - Work Product (of Hire Property of PHI 
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^^^^^ ^^^^ ^hinA ^Dpnration Options 

concept . 
. Market Potential - Identify the range of products (size range, appiicat.pns) 
and estimate the unit costs for volume production 

options addressed and SJSWdoojmenled m a product 

additional considerations noted above indudea 
4 2 Prefenred Option(s) Selection 

4 3 Preferred Option(s) Development 



•PHI Confidential Information - WorK Product for Hire Property of 
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Attachment F 

"S-1 Radiant Recirculating Boiler" (Technology Insights). 
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Soo 1,000 1.400 i.e 

800 1.200 1.600 
Panel Temperature, C 

1. steam Pressure- 1000 psig 

2. Energy cell, boiler emhuh/Wes-afl 

3. EquKralentflnear shape factor -0.8 
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